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| Chapter 1 |
General introduction
8 
Motor learning occurs in stages. First, motor skill acquisition is the improvement in specific 
movement performance due to practice, either in temporal or spatial domain [1]. Second, 
during the consolidation phase in-between sessions, the motor memory is transformed from 
an initial fragile state to a more stable form that is resistant to interference, which can result in 
retention of the acquired skill or even an improvement in performance after this offline period 
[2, 3]. Throughout the lifespan, humans learn new motor skills and relearn motor skills after 
an injury. In older adults, motor learning is particularly important because adaptations to age-
related peripheral and central neural changes are required [4-7]. While it has been established 
that older adults are able to acquire novel motor skills, such as ballistic, sequential motor, or 
visuomotor tracking skills [8-10], whether or not skill acquisition and consolidation are impaired 
in older compared with young adults is still under debate. Furthermore, it is unclear whether 
and how the underlying neural mechanisms of motor learning change with advancing age. This 
thesis focuses on unraveling these age-related changes in neural plasticity underlying motor 
skill acquisition after a single practice session and motor memory consolidation after 24 hours. 
 
 
A main neuronal mechanism underlying motor learning is altering synaptic strength after repeated 
stimulation by long-term potentiation (LTP) and long-term depression (LTD), as evidenced by 
animal and human studies [11-13]. LTP refers to the strengthening of synapses, whereas LTD 
refers to the weakening of synapses. This use-dependent synaptic plasticity is influenced by 
glutamatergic and gamma-aminobutyric acid-ergic (GABAergic) processes. Over the past three 
decades, these excitatory and inhibitory processes have been measured indirectly by a non-
invasive brain stimulation technique called transcranial magnetic stimulation (TMS) [14]. The 
motor-evoked potential (MEP) in a response to TMS, is measured in the electromyogram (EMG) of 
the target muscle and is used as a measure of corticospinal excitability or intracortical inhibition. In 
young adults, corticospinal excitability increases and intracortical inhibition decreases after motor 
practice [15, 16]. Neurochemical studies confirm this by showing a relationship between GABA 
decrease in the trained sensorimotor cortex and the magnitude of motor learning [17, 18]. 
In addition to excitability changes in specific brain areas such as the primary motor cortex, motor 
learning requires the involvement of a wide network of brain regions including cortico-cerebellar 
and cortico-striatal networks [19]. However, TMS only stimulates a focal brain area. Within 10 
years after the implementation of TMS, it became possible to measure changes in brain activation 
by measuring the blood-oxygen-level dependent (BOLD) signal with functional magnetic 
resonance imaging (fMRI) [20-22]. This neuroimaging technique may provide more insight into the 
broad cortical and subcortical changes occurring after motor practice than TMS does. Because 
neurostimulation and neuroimaging techniques complement each other, in this thesis, we will use 
both TMS and fMRI to examine the neural mechanisms of motor learning. 
 
Increasing age is accompanied by impairments in the neuromuscular system such as sarcopenia 
[23], changes to peripheral nerve fibers [24], and a decrease in the number and increase in the size 
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9of motor units [25, 26]. In addition, deteriorations in brain structure occur, including decreases in 
gray and white matter volume [27, 28], increases in cerebrospinal fluid volume [27], and decreases 
in regional white matter integrity [29]. Despite these age-related neural changes, older adults 
are still capable of learning new motor skills (see section 1.1). While the hypothesis that older 
adults use adaptive and perhaps compensatory neural strategies to sustain the ability to learn 
new motor skills is tenable, this has not been established. After acquiring a visuomotor tracking 
skill, corticospinal excitability increased and intracortical inhibition decreased independent of age 
[10]. However, others reported increases in corticospinal excitability in young but not in older 
adults after ballistic motor training [30]. Furthermore, whether or not age affects the nature and 
magnitude of synaptic plasticity accompanying motor memory consolidation remains unknown. 
Finally, neuroimaging studies showed greater and more widespread brain activation in old 
compared with young adults while executing motor tasks [31, 32] but it is unknown how age affects 
changes in brain activation patterns over the course of motor learning. Taken together, although 
there is some theoretical underpinning as to why adaptive strategies in the aging brain during 
motor learning are expected, it is not yet understood whether and how neural mechanisms of 
acquiring and consolidating motor skills into motor memory change with increasing age. A better 
understanding of the mechanisms of how age affects motor skill acquisition and consolidation 
would help design motor interventions counteracting age-related declines in motor function.
The aim of this thesis is to examine age-related differences in the underlying neural mechanisms 
of motor learning. We used non-invasive neurostimulation (TMS) and neuroimaging (fMRI) 
techniques to measure markers of neural plasticity after both the acquisition and motor memory 
consolidation phase. Fig. 1 shows the visuomotor task that was used throughout the experimental 
chapters of this thesis.
In chapter 2, we examined how corticospinal and intracortical excitability at rest and during the 
execution of the task changed in healthy older adults after learning a visuomotor tracking task. 
Chapter 3 compares the data of healthy older adults obtained in chapter 2 with a group of young
Fig. 1 Schematic representation of the set-
up of the visuomotor task that was used 
in the experiments of chapters 2 and 3. 
Participants used wrist flexion and exten-
sion to track a zigzagged template (white) 
on the computer screen. Online feedback 
of participants’ wrist position was provi-
ded (green). In Chapter 5, a similar task 
was used but participants laid supine in 
an MRI-scanner while performing the task.
General introduction
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adults to examine age-related differences in corticospinal and intracortical excitability after 
visuomotor learning. To give an overview of TMS studies regarding motor learning in aging, we 
conducted a systematic review and meta-analysis in chapter 4 and examined the relationship 
between motor skill acquisition and changes in TMS variables using individual data of the included 
studies. Because MEP measurements only provide indirect information about neural plasticity in 
the targeted primary motor cortex, we used fMRI in chapter 5 to examine age-related differences 
in brain activation changes in the whole brain after visuomotor learning. Finally, chapter 6 will 
provide a discussion of the results obtained in chapters 2-5 and will integrate these results with 
each other. We hypothesized that older adults would use alternative strategies of neural plasticity 
compared with young adults to learn new motor skills. These alternative strategies might be 
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| Chapter 2 |
Neuronal mechanisms of 
motor learning and motor 
memory consolidation in healthy 
old adults
Kelly M.M. Berghuis, Menno P. Veldman, Stanislaw Solnik, Giacomo Koch,




It is controversial whether or not old adults are capable of learning new motor skills and 
consolidate the performance gains into motor memory in the offline period. The underlying 
neuronal mechanisms are equally unclear. We determined the magnitude of motor learning and 
motor memory consolidation in healthy old adults and examined if specific metrics of neuronal 
excitability measured by magnetic brain stimulation mediate the practice and retention effects. 
Eleven healthy old adults practiced a wrist extension-flexion visuomotor skill for 20 minutes (MP, 
71.3 years), while a second group only watched the templates without movements (attentional 
control, AC, n=11, 70.5 years). There was 40% motor learning in MP but none in AC (interaction, 
p<0.001) with the skill retained 24 hours later in MP and a 16% improvement in AC. Corticospinal 
excitability at rest and during task did not change, but when measured during contraction at 
20% of maximal force, it strongly increased in MP and decreased in AC (interaction, p=0.002). 
Intracortical inhibition at rest and during the task decreased and facilitation at rest increased in 
MP, but these metrics changed in the opposite direction in AC. These neuronal changes were 
especially profound at retention. Healthy old adults can learn a new motor skill and consolidate 
the learned skill into motor memory, processes that are most likely mediated by disinhibitory 
mechanisms. These results are relevant for the increasing number of old adults who need to learn 




















Even healthy aging is associated with an up to 50% reduction in the number and diameter of 
motoneuron axons, a decrease in number of large-diameter axons, slowing of peripheral nerve 
conduction, impaired sensory fiber function, prolongation of reflex latencies, and a loss and 
subsequent remodeling of motor units [1]. Modifications in the peripheral nervous system are 
accompanied by substantial and functionally relevant reductions in gray matter volume in the 
primary motor, somatosensory cortices, and the cerebellum [2-5]. In addition to cortical atrophy, 
there are quantitative and qualitative changes in white matter structure and integrity (reviewed in 
[6, 7]). Such and other age-related changes in the neuromuscular system and a general reduction 
in motor activity make voluntary movements weak, slow, unsteady, and inaccurate [1, 8, 9]. With 
regard to the relatively well-characterized age-related changes in neuromuscular properties, 
a more contentious issue is whether or not healthy old adults can learn and retain new motor 
skills. Understanding the mechanisms of how and if age affects the ability to learn and re-learn 
motor skills is especially relevant because, with increasing age, more and more old adults receive 
movement rehabilitation that includes the learning and re-learning of movements impaired by 
specific comorbidities [10], as, for example, is the case after a stroke [11]. In addition, a better 
understanding of how healthy old adults learn and re-learn a novel motor skill is important because 
many old adults must operate and manipulate new electronic devices and need to acquire motor 
skills in new jobs [12, 13].
Despite the many unfavorable age-related changes in neuromuscular function and brain structures 
involved in motor learning, results from a group of studies provide evidence that age may not 
necessarily impair the ability to acquire novel motor skills [12, 14-17]. For example, old and 
young adults, practicing a visuomotor tracking task for 18 minutes, showed similar, about 23%, 
performance gains [18]. However, another group of studies reported that the ability to learn new 
motor skills in a single training session decreases with age [12, 14, 17]. To illustrate, the learning 
rate of a bimanual coordination pattern with 90° phase offset between the limbs is smaller in seniors 
compared with adolescents [17]. Finally, there is some evidence suggesting that performance 
gains in reaction time are actually superior in old compared with young adults [15].
In addition to the immediate performance gains, another important element of motor learning is 
the ability to retain and recall the previously acquired motor skills. Motor memory consolidation is 
the stabilization of memory traces following the initial online motor learning or acquisition period 
and can result in increased resistance to interference or even an improvement in performance 
after an offline period [19]. There is some evidence for an age-related decline in motor memory 
consolidation because old adults were able to stabilize the learned reaction time skills at the 
retention test 24 hours after the first training session (retention gain = -4.5 ms, p > 0.05), whereas 
young subjects showed not only stabilization but further improvements in the retained skills in the 
offline period (retention gain = 36.8 ms, p < 0.01) [15]. In other studies, reaction time improved 
after motor practice during the 12-hour offline period with greater gains in young compared with 
old adults [20, 21]. Young adults also showed improvements at 24-hour and 1-week retention test, 
whereas old adults did not [20, 21]. Furthermore, a recent study showed that memory consolidation 
of a ballistic wrist flexion skill is impaired with aging [16], and finally, sequence-specific knowledge 




decreased between sessions in old but it stayed stable in young adults, suggesting weaker 
consolidation of sequence-specific knowledge in the elderly [21]. However, we must note the 
wide variation in methods that these studies used to examine motor learning and motor memory 
consolidation in aging. 
There is a paucity of data concerning the underlying neuronal mechanisms involved in motor 
learning and motor memory consolidation in old adults. A transcranial magnetic stimulation (TMS) 
study compared corticomotor excitability and short-interval intracortical inhibition (SICI) between 
young and old adults after 300 rapid thumb abduction movements [22]. Old (124%) compared 
with young (177%) adults achieved lower gains in motor performance. Corticomotor excitability 
increased after motor practice in young but not in old subjects, and motor practice did not modify 
SICI in either age group. Practice of a complex visuomotor task in the form of index finger ab- and 
adduction improved task accuracy similarly in both age groups (7-24% range) with an increase in 
corticospinal excitability and reduction in SICI independent of age [18]. None of these studies 
examined motor learning, motor memory consolidation, as well as indices of neuronal mechanisms 
in combination in healthy older adults.
Changes in corticospinal excitability (CSE) measured at rest presumably reflect changes in long-
term potentiation-like mechanisms involved in motor learning [23-25]. However, no studies have 
examined if changes in CSE after motor learning would also occur during task performance in old 
adults. Measurements at rest and during task performance seem intuitively and mechanistically 
warranted because these could reflect the activation of different portions of the motoneuron 
pool and also changes in the input-output gain of individual motoneurons or at the level of the 
motoneuron pool [26, 27]. In addition, SICI is a GABA-A-mediated inhibition that occurs in primary 
motor cortex (M1) circuits [28, 29], and its reduction is associated with the induction of long-
term potentiation [30]. Measurement of SICI not only at rest, as it has been done in all previous 
motor learning studies using TMS, but also during the task itself would add to the mechanistic 
understanding of motor learning by increasing the specificity of measurements. Based on the 
mixed results reported previously concerning the changes in CSE and SICI at rest in young and old 
adults after motor learning [18, 22, 31], we favor the hypothesis that measurements of neuronal 
excitability when the muscle is active (i.e., during the task or a muscle contraction) are more 
sensitive and specific to motor learning than the same tests performed at rest after motor practice. 
This is because, after motor skill learning, there is an increase in brain activation in secondary motor 
areas, for example, pre-motor and supplementary motor areas (for a review, see [32]), making it 
likely that neuronal excitability measurements during contraction but not at rest would represent 
activity of secondary motor areas upstream M1. 
The aim of this study was to determine the magnitude of motor learning and motor memory 
consolidation in healthy old adults and examine, for the first time, if specific metrics of motor cortical 
and corticospinal function measured by TMS mediate the practice and retention effects. Because 
motor learning is known to rely on attentional resources [32-34], our experimental approach controlled 





Twenty-two healthy older adults volunteered to participate in this study (14 men and 8 women; 
age, 70.9 ± 2.9 years; height, 1.74 ± 0.09 m; weight, 78.9 ± 15.3 kg; body mass index, 26.1 ± 
5.3 kg/m2). We evaluated subjects’ health status using the Groningen Activity Restriction Scale 
(GARS), a reliable and valid test of disability in Activities of Daily Living (ADL) or Instrumental 
ADL (IADL) [35]. We assessed subjects’ cognitive health with the Mini Mental State Examination 
(MMSE) [36]. Handedness was evaluated with the Edinburgh handedness inventory [37]. Subjects 
were excluded from the study if they suffered from neurological conditions, took medications 
influencing nerve conduction velocity, and had contraindications for the use of TMS, a pacemaker, 
metal in the brain or skull, and had uncorrected vision [38]. Subjects were also excluded if they had 
pain or movement constrictions in their right arm or hand. Subjects were asked not to consume 
coffee or tea an hour before the start of the experiment on each of the two testing days. Subjects 
signed an informed consent document, approved by the Medical Ethical Committee of the 
University Medical Center Groningen.
 
Subjects were randomly assigned to one of two groups: motor practice group (MP) or attentional 
control group (AC). Testing procedure consisted of a pre-, post- and retention test (Fig. 1). Pre- 
and posttests were performed on Day 1 and the retention test was performed 24 hours later on 
Day 2. To control for variation in responses to TMS due to a diurnal effect, the retention tests 
were administered within ±30 minutes of the time when the pretest was administered 24 hours 
earlier, during the day between 9 AM and 3 PM. The design included a 24-hour retention interval, 
categorized normally as a delayed test [39]. The pretest consisted of TMS measurements at rest 
and during the motor task, peripheral nerve stimulation that determined the maximal compound 
action potential (Mmax), hand function test, and the baseline assessment of visuomotor skill. 
TMS parameters included corticospinal excitability at rest (CSE) and during the visuomotor task 
(CSEtask), short-interval intracortical inhibition at rest (SICI) and during the visuomotor task (SICItask), 
intracortical facilitation at rest (ICF) and during the task (ICFtask), cortical silent period (CSP), and 
contralateral facilitation (CLF) at 20% of maximal voluntary contraction (MVC). After the pretest, 
one of the two interventions was performed for a period of 20 minutes: Subjects either performed 
MP or AC. Subjects in MP performed the visuomotor task during the intervention period. The 
duration of the intervention was based on previous data suggesting that such a practice period 
is sufficient to reliably produce fast motor learning [18, 22]. Because motor learning is known 
to involve strong attentional elements [32-34], our design also included a group in which we 
assessed the magnitude of learning produced by attention to the task. Subjects in AC focused, 
during the intervention period, their attention on the visuomotor templates that appeared on the 
monitor but did not perform any movements. Instructions were as follows: “Follow the template 
only with your eyes but not with your hand.” The posttest was a repeat of the pretest in both 
groups. On Day 2, sleep quality and quantity of the last month and last night were determined 
using the Pittsburgh Sleep Quality Index [40]. In addition, we repeated the pretest measurements 
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measures of neuronal excitability.
In a control experiment conducted in additional five healthy, right-handed old adults (age, 69.8 
± 3.83 years), we examined the possibility that only familiarization of subjects with the motor task 
could produce learning and affects also retention. We also wished to quantify the variability in the 
TMS data by repeating these measurements three times.  These subjects performed the same 
protocol as did the subjects in the main experiment, but instead of motor practice and attentional 
control, they sat for 20 minutes and read newspapers, using their left hand to turn pages.
Fig. 1 The experimental design consisted of the pre- and posttests on Day 1 and a retention test on Day 2. Upward 
directed arrows indicate the time when subjects performed a counting task to control for attentional drift. The order 
of the runs within a block and the order of the pulses within a block were randomized (*). Abbreviations: AC, atten-
tional control; CLF, contralateral facilitation; CSE, corticospinal excitability; CSEtask, corticospinal excitability during 
task; CSP, cortical silent period; Fam, familiarization; ICF, intracortical facilitation; ICFtask, intracortical inhibition during 
task; Mmax, maximal compound action potential; MP, motor practice; PPT, Purdue Pegboard test; SICI, short-interval 
intracortical inhibition; SICItask, short-interval intracortical inhibition during task.
 
 
Subjects sat comfortably in a chair without armrests approximately 90 cm in front of a laptop 
computer’s monitor (diagonal distance 39.6 cm). Their right forearm was fixed in a padded 
manipulandum in a neutral wrist position, the thumb pointing upwards. The center of the wrist 
joint was aligned with the axis of the manipulandum that confined wrist motion to flexion and 
extension. The left arm was resting on a table covered with soft material in a pronated position. 
The knees were flexed 90° and the feet were flat on the floor. 
As reported previously, we used a visuomotor task for behavioral testing and also for the motor 
practice intervention, consisting of template tracking [18, 41, 42]. Subjects were asked to match 
the template as accurately as possible by flexing and extending the right wrist. The template 
2.2.3 Behavioral testing and motor practice
Chapter 2
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appeared on the monitor, proceeded from left to right, and changed direction that prompted wrist 
extension (template up) and flexion (template down). The background on the monitor was dark 
blue and contained a hairline-thick light blue-colored grid. The template appeared in white and 
the subject’s performance line appeared in green color in high resolution.
Trials used for testing subjects’ visuomotor skill consisted of six templates of different patterns. 
Templates were scaled to each subject’s wrist range of motion. Trials used for the interventions 
also consisted of six different template patterns. Templates used for the interventions and the 
templates used to assess learning were different but were of similar difficulty as quantified by 
the number of turns. There were one or two turns within each template, i.e., changes in direction 
(mean, 1.33 ± 0.49). The order and duration of the templates were randomized but was the same 
for each subject at the three tests. The duration of the templates varied between 4, 5, or 6 seconds 
(mean, 4.99 ± 0.82s). 
Prior to testing, subjects performed three familiarization trials. Next, they completed 12 pretest 
trials to establish baseline. After this pretesting, MP completed 4 blocks of 60, a total of 240 trials. 
After every 15 trials, subjects in both groups were asked to count backwards by seven to minimize 
attentional drift. Between training blocks, subjects in both groups rested for 2 minutes. After the 
interventions, subjects repeated the same 12 trials used in the pretest to assess the magnitude of 
motor learning. On Day 2, a retention test containing 12 trials was administered. 
 
In order to determine if the acquisition and/or motor memory consolidation of the visuomotor 
skill transferred to a nonpracticed motor task, i.e. a task variant, the Purdue Pegboard test was 
administered at baseline and after motor practice and attentional control on Day 1 and also on 
Day 2 during the retention test [43]. The Purdue Pegboard test reliably measures gross motor 
movements of the arms, hand, and fingers and fine motor dexterity [44, 45]. 
 
Subject’s skin was prepared for electromyography (EMG) by shaving, scrubbing with fine 
sandpaper, and cleaning the skin with alcohol to minimize noise in the EMG signal. EMG was 
recorded in the left and right flexor carpi radialis (FCR) and left and right extensor carpi radialis 
(ECR) and using 37x27x15mm, <15g, wireless, preamplified (909x) parallel-bar sensors, affixed 
to the skin with a four-slot adhesive skin interface (Trigno, Delsys Inc, Natick, MA, USA). The 
electrodes recorded with a bandwidth of 20-450 Hz, channel noise <0.75 µV, and common mode 
rejection ratio >80 dB. EMG activity was sampled at 4 kHz. Signals were acquired online and 
stored by software installed on a personal computer for offline analysis (Power 1401 and Signal, 
Cambridge Electronics Design, Cambridge, UK). 
 
Single- and paired-pulse TMS measurements were performed with two Magstim 200 magnetic 
stimulators (Magstim Company Ltd, Dyfed, UK). A figure of eight coil (loop diameter, 90 mm) was 
connected to BiStim2 stimulators and held over the optimal stimulation spot of the left motor cortex 
to elicit motor-evoked potentials (MEPs) in the right ECR with the handle pointing backwards at 
2.2.4 Hand function
2.2.5 EMG recording
2.2.6 Transcranial magnetic stimulation
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~45° away from the sagittal plane. To ensure consistent coil position during the experiments, 
the optimal point, the hot spot, for stimulating the right ECR was marked on a cloth cap that the 
subjects wore. Resting motor threshold (RMT) was defined as the minimum intensity (% stimulator 
output) where five out of the 10 trials evoked an MEP in the right ECR with amplitude ≥ 50μV [46, 
47]. Additionally to RMT, in nine subjects, active motor threshold (AMT) was measured, defined 
as the minimum intensity (% stimulator output) where five out of the 10 trials evoked an MEP 
in the right ECR with amplitude ≥200 μV and above-background EMG signal during isometric 
contraction of the right ECR at 10% MVC [48]. 
CSE, SICI and ICF were determined at rest. Test pulse was set at 120% RMT, and conditioning 
pulse was set at 80% RMT [29]. The interval between the paired-pulses for determining SICI and 
ICF were, respectively, 2 and 10 ms [29]. Subjects received a total of 30 pulses, randomized 10 
single pulses, 10 paired pulses with 2-ms interval, and 10 paired pulses with 10-ms interval. 
CSE [49-52], SICI and ICF were also measured during the visuomotor task (CSEtask, SICItask and 
ICFtask) in nine subjects. Subjects completed 30 trials of the visuomotor task. These trials started 
with a flexion followed by an extension movement but still had an element of difficulty because 
there were five different templates appearing in a random order. During the extension phase of 
the trial as the wrist passed at 8° extension, subjects received randomized 10 single pulses, 10 
paired pulses with 2-ms interval, and 10 paired pulses with 10-ms interval. Conditioning pulse was 
set at 70% AMT and test pulse at 120% AMT [53]. 
CSP and CLF were measured to determine motor cortical inhibition and facilitation during weak 
muscle contraction specific to the task. Subjects received 15 TMS pulses at 120% RMT. The first 
five pulses subjects had both arms in rest, but during the next 10 pulses, subjects performed an 
isometric contraction at ±8° into wrist extension at 20% MVC. CSP is the interruption of ongoing 
EMG activity after a TMS pulse is given [54]. 
 
Mmax was defined as the maximal peak-to-peak amplitude of the M-wave as a response to electrical 
stimulation of the right radial nerve above the elbow. An electrical stimulator delivered the 0.5-ms-
long square-wave stimulus (DS7A, Digitimer Ltd, Welwyn Garden City, UK). The stimulation 
intensity was increased until the peak-to-peak amplitude of the M-wave did not increase any 
further and then stimulation intensity was raised by 20% to ascertain Mmax.
 
Matlab R2011a was used to analyze the behavioral data, i.e., the performance on the visuomotor 
task, and the CSP data (The Mathworks Inc., Natick, MA, USA). Visuomotor skill was determined 
by calculating the mean error of the subject’s wrist joint position from the white preprogrammed 
template. The first second of the behavioral data was discarded because it contained errors 
associated with reacting to the appearance of the template. CSP onset, offset, and duration were 
determined using an adjusted version of the Teager Kaiser Energy Operator (TKEO), a highly 
effective method used to determine the boundaries of an EMG burst [55]. Signal 5.04 was used 
to analyze the remaining TMS parameters. Peak-to-peak amplitudes of MEPs were calculated in 




order to determine CSE, CSEtask, SICI, SICItask, ICF, ICFtask, and CLF. CSE and CSEtask were expressed 
by the MEP amplitude as a percentage of Mmax. SICI and ICF at rest and during the task were 
expressed by the conditioned MEP as a percentage of the test MEP. CLF was defined as the mean 
peak-to-peak MEP amplitude of the trials with 20% MVC expressed as a percentage of the mean 
peak-to-peak MEP amplitude of the trials in rest. The background EMG activity was calculated as 
the mean rectified EMG activity in the period 70 ms before the TMS test pulse.
 
Data are reported as mean ± SD. Two-way repeated measures analysis of variances (ANOVA) 
was performed to determine the effects of intervention (MP, AC; between-subjects factor), time 
(baseline, posttest, retention at 24 h; within-subjects factor), and interactions of intervention and 
time on visuomotor skill, Purdue Pegboard performance, Mmax, RMT, AMT, CSE, CSEtask, SICI, 
SICItask, ICF, ICFtask, CLF, and CSP. When there was a between-group difference at baseline, an 
analysis of covariance (ANCOVA) was performed, using baseline values as a covariate. Tukey’s 
post-hoc analysis was performed to determine the means that were different from one another. In 
the control experiment, we performed one-way repeated measures ANOVAs to determine if there 
was a main effect of time in each dependent variable. 
In order to determine if baseline values and changes in visuomotor skill were associated with Purdue 
Pegboard performance and TMS variables (CSE, CSEtask, SICI, SICItask, ICF, ICFtask, CLF, and CSP), 
Pearson’s correlations were computed. For all analyses, we set the level of significance at p < 0.05. 
 
Table 1 shows that the 11 subjects (7 M and 4 F) in MP and AC were similar in age, MMSE, laterality 
score, GARS, PSQI, and the quantity and quality of sleep the night before testing. The 11 subjects 
(7 M and 4 F) in AC vs. MP were somewhat heavier and taller.
 
Fig. 2 shows the group × time interaction in the amount of error (F2, 40 = 12.3, p = 0.000). With the 
two groups producing similar amount of error at baseline (difference, 1.9°, n.s.), after intervention, 
the reduction in error from baseline to posttest was 40% or 7.3° in MP (p < 0.05) and 6% or 1.3° 
in AC. At retention, MP maintained the posttest error level (0.6° more error, n.s.), while, relative to 
baseline, the error in AC decreased by 16% or 2.9° (p < 0.05, relative to baseline). From baseline 
to retention, the reduction in error was greater in MP (37% or 6.7°) compared with AC (21% or 
4.2°). The control group had an error of 14.8° (± 2.0°) at baseline and showed a borderline time 
effect (p = 0.056). Error decreased by 2.8° due to familiarization with the task and increased 0.1° 
24 hours later at retention. 
There was a group × time interaction in the performance of the Purdue Pegboard test (F2, 40 = 
8.3, p = 0.001). Pegboard performance did not improve in MP (baseline, 13.3 ± 1.2 pins; after 
motor practice, 13.6 ± 1.4 pins; retention, 13.5 ± 1.4 pins). AC compared with MP placed 1.5 
more pins on the board at the retention test (baseline, 13.6 ± 1.9 pins; after template viewing, 
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experiment (baseline, 13.0 ± 2.6; posttest, 13.4 ± 3.1; retention, 13.6 ± 2.3 pins; p = 0.41). 
 
Table 1. Characteristics of subjects in the motor practice group (MP, n = 11) and attentional control group 
 (AC, n = 11).
 
Abbreviations: BMI, body mass index; MMSE, Mini Mental State Examination (> 27 cognitively healthy); GARS, 
Groningen Activity Restriction Scale (18–72, the higher the score, the higher the activity restriction); PSQI, Pittsburgh 
Sleep Quality Index (lower score is higher quality of sleep in last month); Quantity of sleep in hours the night 
before retention testing; Quality of sleep on a scale from 0 (best) to 3 (worst) in the night before retention testing 
a Instead of mean (± SD), the modus is shown for the results of this 4-point Likert-scale
Supramaximal stimulation of the radial nerve consistently evoked an Mmax with similar peak-to-
peak amplitudes at baseline (MP, 2.4 ± 0.75 mV; AC, 2.1 ± 0.78 mV), after interventions (MP, 2.4 
± 0.89 mV; AC, 2.3 ± 0.74 mV), and at retention (MP, 2.4 ± 0.74 mV; AC, 2.3 ± 0.79 mV), resulting 































Variable MP, mean (±SD) AC, mean (±SD)
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Fig. 2 Motor learning data. The magnitude of error in the two 
groups was similar at baseline. After active motor practice 
(filled symbols), the magnitude of error was significantly lower 
compared with baseline and compared with attentional control 
(open symbols, *). After 24 hours, the magnitude of error after 
attentional control was lower compared with baseline but 
greater than after motor practice (†). Vertical bars denote ±1 
standard deviation.
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in no group × time interaction (p = 0.541) or a time main effect (p = 0.623). There was also no 
main effect of time in the control group (baseline, 2.7 ± 1.9; posttest, 2.7 ± 2.1; retention, 2.3 ± 
1.3 mV; p = 0.465). 
 
Table 2 shows the resting and active motor threshold and the corticospinal excitability data at 
rest and during the visuomotor task, normalized and not normalized for Mmax, and corticospinal 
excitability data during an isometric wrist extension at 20% MVC normalized for MEP amplitudes 
in rest. The group × time interactions and the time main effects were not significant for RMT, AMT 
and corticospinal excitability at rest and during the visuomotor task (all effects p > 0.05). However, 
there was a group × time interaction for contralateral facilitation measured as the facilitation of 
a standard motor evoked potential delivered at 120% of RMT during a wrist extension at 20% 
isometric MVC (F2, 40 = 7.6, p = 0.002, see Table 2). Facilitation was similar at baseline (MP, 340.7% 
± 148.7; AC, 386.3% ± 159.9, p > 0.05). These data mean that the wrist extension at 20% MVC 
facilitated the MEP measured at rest by 3.4- and 3.8-fold in MP and AC, respectively. Motor 
practice increased this facilitation to 400.2% (± 187.0), while the facilitation decreased to 329.2 (± 
109.5) in AC (both p < 0.05). At retention, the facilitation further increased in MP (627.0 ± 364.8) 
and further decreased in AC (292.2% ± 106.6) (both p < 0.05). The difference in contralateral 
facilitation was 71% after the intervention and 335% at retention, with the facilitation being higher 
in MP vs. AC (p < 0.05). Thus, corticospinal excitability during a wrist extension at 20% isometric 
MVC increased in MP but decreased in AC. 
Fig. 3 shows representative examples of SICI measured at rest in one subject in MP and one 
AC subject, and Fig. 4 shows the group data of SICI and ICF. Fig. 4a shows the group × time 
interaction for SICI recorded at rest (F1.488, 28.272 = 4.6, p = 0.027). The value of SICI was 52.1% 
(± 28.0) and 54.1% (± 14.0) in MP and AC, respectively, at baseline. After the interventions, the 
corresponding values in MP and AC were 57.1% (± 13.0) and 47.2% (± 22.0) (p < 0.05). After the 
interventions, nine of 11 subjects had less intracortical inhibition in MP, and nine of 11 subjects 
had more intracortical inhibition in AC. At retention, SICI was 73.5% (± 27.7) in MP and 43.7% (± 
26.6) in AC (both between-group differences and relative to baseline p < 0.05). At retention, 10 
of 11 subjects had less intracortical inhibition in MP, and 8 of 11 subjects had more intracortical 
inhibition in AC. Thus, intracortical inhibition decreased after MP, but it increased after AC.
Fig. 4b shows the group × time interaction (F2, 40 = 4.0, p = 0.026) for SICItask. As expected, the 
baseline values of SICItask were higher (88.4% ± 11.4) than SICI (53.1% ± 21.0), suggesting lower 
intracortical inhibition during contraction. The mean background EMG activity in the right ECR 
was 7.2% (± 3.2, MP) and 5.7% (± 2.7, AC, t20 = 0.83, p = 0.237) of the EMG activity measured in 
the ECR during a maximal effort isometric wrist extension. With similar SICItask values at baseline 
(MP, 86.1 ± 9.6; AC, 90.6 ± 13.2), the value of SICItask remained unchanged after MP (87.5% ± 16.2) 
but decreased after AC (83.7% ± 8.2). At the retention test, the value of SICItask increased in the MP 
group to 100.0% (± 20.8), while it remained the same in AC (83.5% ± 13.3), resulting in a between-
group difference of 16.5% in the value of SICItask at retention (p < 0.05). Thus, intracortical inhibition 
decreased in MP and increased in AC both at rest and during the task, with the difference being 
especially prominent at retention.
2.3.3 Brain stimulation data
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We also measured the contralateral silent period during wrist extension at 20% MVC. There was 
no group × time interaction (F2, 40 = 1.7, p = 0.200) or a time main effect (F2, 40 = 1.9, p = 0.163). 
Pooled across the three time points, the average duration of the net silent period was 75.5 ms (± 
22.7) in MP and 71.0 ms (± 16.5) in AC (t-test: p = 0.368, data not shown).
Fig. 4c shows the borderline group × time interaction for intracortical facilitation measured at rest 
(F2, 40 = 3.1, p = 0.054). The two groups were similar at baseline (MP, 140.6% ± 20.9; AC, 133.2 ± 
35.7), but ICF tended to increase in MP (153.3% ± 33.0) and decrease in AC (118.6% ±  33.4), a 
trend that continued at the retention test in MP but not in AC (MP, 166.9% ± 35.4; AC, 124.5% ± 
36.9). ICFtask did not change (group × time interaction, p = 0.181, data not shown). 
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Baseline, mean (±SD) After intervention, 
mean (±SD) 
At retention, mean 
(±SD)
Table 2. Effects of motor practice and attentional control on corticospinal excitability.
Abbreviations: RMT, resting motor threshold; AMT, active motor threshold; CSE, corticospinal excitability; %SO, 
percent of stimulator output 
a Group × time interaction (F2, 40 = 7.6, p = 0.002) 
b Facilitation increased in MP and decreased in AC relative to baseline with facilitation higher in MP than in AC 
after interventions and also at retention (all p < 0.05).
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The control experiment revealed no time main effects for any of the TMS variables with the p-values 
for the one-way repeated measures ANOVAs ranging from p = 0.143 to p = 0.874 (detailed data 
not shown).
Fig. 3 Representative responses to transcranial magnetic stimulation in the right extensor carpi radialis muscle for 
one 68-year-old female subject in the motor practice and in one 70-year-old female subject in the attentional control 
group. Recordings were made at rest at baseline, after intervention, and at retention. Waveforms represent average 
of five motor evoked potentials in response to single test pulses (thin gray line) and conditioned pulses (thick black 
line) at an inter-stimulus interval of 2 ms. Arrows indicate when the test pulse is given.
 
Baseline levels and changes in visuomotor task and in the Purdue Pegboard test did not correlate in 
MP, AC, and in the two groups combined (21 r-values, p > 0.05). Changes in SICI measured at rest 
positively correlated with learning in MP (r = 0.64, p < 0.05) but not with the changes measured at 
retention (p > 0.05) (Fig. 5a). In contrast, changes in SICItask in MP negatively correlated with learning 
(r = -0.59, p < 0.05) but not with the changes measured at retention (Fig. 5b). These results indicate 
that an increased motor performance in MP is associated with more intracortical inhibition at rest 
and less intracortical inhibition during the task. None of these correlations were significant in AC. 
 
We observed 40% motor learning after only 20 minutes of practice of a visuomotor task, a skill 
that naive healthy old adults were able to consolidate into motor memory 24 hours later. In 
contrast, watching the same templates without actual movements produced no learning (6%, n.s). 
Corticospinal excitability at rest and during the visuomotor task remained unchanged in MP and 
AC but became strongly modified when measured during 20% MVC. Intracortical inhibition at rest 
and during the task decreased, and facilitation at rest increased after MP. TMS metrics changed in 
the opposite direction in AC. Only in a few of these metrics did the changes correlate with changes 
in behavior. The findings partially support the global hypothesis that neuronal measurements in an 
active state vs. at rest are more selective and sensitive to motor learning and retention. We discuss 
the data in the context of how motor cortical disinhibition may play a key role in motor learning 
and motor skill consolidation in the healthily aging motor cortex.
2.3.4 Correlation analyses
2.4 Discussion




Fig. 5 Correlation between percent changes in 
intracortical inhibition (SICI) and visuomotor skill in the 
motor practice group (filled symbols) and attentional 
control group (open symbols). Correlations are shown 
between a changes in SICI values at rest and changes 
in error (MP: R2 = 0.41, y = 0.12x - 44.2; AC: R2 = 0.08, 
y = 0.08x - 6.7), and b changes in SICI values during 
task and changes in error (MP: R2 = 0.34, y = -0,26x 
- 39.7; AC: R2 = 0.18, y = -0.61x - 10.3). The positive 
and negative sign denotes, respectively, more or less 
inhibition.
Fig. 4 Effects of motor practice and attentional control 
on short-interval intracortical inhibition at rest (a), mea-
sured during the task (b), and intracortical facilitation 
measured at rest (c). a Group × time interaction (F1.488, 
28.272 = 4.6, p = 0.027). * P < 0.05 between groups and 
† p < 0.05 relative to baseline. b Group × time interac-
tion (F2, 40 = 4.0, 
†p = 0.026). c Borderline group × time 
interaction (F2, 40 = 3.1, p = 0.054). SICI values < 100% 
indicate inhibition, and ICF values > 100% indicate 
facilitation. Filled and open symbols represent motor 
practice and attentional control, respectively. Vertical 




Old adults are normally able to learn a novel motor task. However, when compared with young 
adults, the results can be inconsistent as learning can be similar [16, 18], become compromised 
[12, 14, 17, 22], or can even exceed young adults’ scores [15]. Using models of error-based, 
reinforcement, and use-dependent learning [56], previous studies in healthy old adults reported 
17-124% learning [6, 14, 16, 18, 22, 57], reflecting the fast phase of motor learning [32, 58]. The 
40% learning after just 20 minutes of motor practice in the present study is well beyond the 24% 
reported in similar subjects, learning task, and exposure duration (18 minutes) but assessed in the 
index finger [18] (Fig. 2). Perhaps our task was more complex and represented a higher motor 
challenge compared with the finger [18] and therefore had more room for improvement. We note 
that, even though the 40% learning exceeds learning rates reported in this study [18], it is possible 
that there was actually even greater learning in MP because 20 minutes of motor practice can 
cause a saturation effect and mask a portion of learning [59, 60]. Previous studies reported ~24% 
learning after ~22 minutes of template tracking task in the finger (~24%, 18 minutes) [18], ankle 
(~35%, 32 minutes) [41], and elbow joint (~12%, 16 minutes) [42] in young adults, suggesting that 
our old adults acquired the skill at the wrist as well if not more proficiently than young adults. 
This finding qualitative agrees with previous studies [15, 18] but warrants some caution because 
there is a growing concern that the young-old comparisons are misleading or even invalid when 
the baseline values are different in the two age groups, a factor that also guided our choice of 
experimental design [61]. Another complicating factor that warrants caution is that the difficulty 
of the task templates in the current study differed from previous research. The large amount of 
learning did not transfer to a task variant because Pegboard scores remained unchanged, and 
the changes in the learned and the transfer task did not correlate (r = 0.14, n.s.). We suspect that 
transfer did not occur because the learning exposure was too short and early learning processes, 
albeit engaged in transfer, act ineffectively over such a time scale [6], and because placing the pins 
requires movements around all three axes of the wrist joint and of the fingers while the learning 
task was confined to wrist movements in the transverse plane and excluded the fingers. Overall, 
our data provide evidence that healthy old adults retain the ability to acquire a novel visuomotor 
skill with high proficiency using wrist flexion-extension but with a low generalization to a task 
variant.
 
Although we observed 40% motor learning after motor practice and no learning as a result of 
visually following the same templates on the computer screen, a global measure of neuronal 
excitability, resting (53% stimulator output) and active (49% stimulator output) motor threshold, 
and a marker of use-dependent plasticity, i.e., MEP size at rest (0.33 mV) and during the 
execution of the task (1.03 mV) remained all unchanged (Table 2). Most often, a lack of change 
or a reduction in MEP size after motor practice is interpreted as evidence for aberrations in long-
term-potentiation-like mechanisms involved in experimentally induced and use-dependent motor 
memory formation in aging humans [62-66]. While age can certainly compromise M1’s ability to 
reorganize in response to motor practice [67, 68], we favor the interpretation of our MEP data 
to simply signify a dissociation between learning and one particular measure of plasticity. While 
short-term error-based visuomotor learning tends to increase MEP size in young adults [41, 42, 
2.4.2 Neuronal mechanisms of skill acquisition
2.4.1 Skill acquisition
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69], a dissociation was also reported in young subjects performing an interleaved form of motor 
practice [69] and also in old adults who improved ballistic thumb abduction performance by 124% 
but without changes in MEP size [22]. As in the present study, learning outcomes after index 
finger practice also did not correlate with changes in MEP size in young and old adults [18]. In 
young subjects, such associations were also not reported or found after one session of visuomotor 
practice in the ankle [41] and elbow joint [42], and under certain conditions of serial reaction time 
task learning in the index finger [70]. Even after 13 sessions of visuomotor elbow joint practice, 
associations were not higher than R2 = 0.236 [42]. It is possible that TMS accessed a different 
population of cells within the corticospinal path than the ones that were active during learning, 
an interpretation supported by animal data describing task-specific and selective activation of 
corticospinal neurons [71, 72]. Compared with previous motor learning studies, we increased the 
specificity of the corticospinal measurements by assessing in old adults for the first time MEP size 
during the task itself but, as at rest, found no adaptations in this metric either, an observation that 
was not consistent with our hypothesis. However, when the contraction was stronger (20% MVC) 
than during the task (5-7% MVC), corticospinal excitability assessed by the contralateral facilitation 
test increased from 340% (±148.7) to 400% (±187.0) in MP and decreased in AC (p < 0.05, Table 
2), data that are compatible with the hypothesis. 
Because muscle contraction ≥20% MVC compared with rest and weak contractions nonlinearly 
increase the magnitude and number of descending volleys during TMS, the contralateral 
facilitation data reflect how motor practice modified the contributions of the different early-
phase I waves to the MEP [26]. With contraction, adaptations most likely occurred through a 
summation of I1 and I2 waves. At rest and during weak contractions, a summation of I1-I4 wave 
is needed to produce MEPs [26, 27]. These data suggest that adaptation in specific portion of 
the corticospinal neurons occurred when corticospinal excitability is tested at 20% MVC. The 
increased MEP at 20% MVC in MP could also reflect a modulation of the input-output gain of 
individual motoneurons or at the level of the motoneurons pool [73]. Collectively, the single-
pulse TMS data suggest that, except for adaptations at stronger background contractions, indices 
of corticospinal excitability at rest and during the task were, in contrast with the hypothesis, 
under the present experimental conditions perhaps not sensitive, selective, or specific enough 
to detect changes normally used to index use-dependent plasticity after motor learning.
Intracortical inhibition at rest and during the task decreased and facilitation at rest 
increased after motor practice, but these outcomes changed in the opposite direction 
after the attentional control intervention (Fig. 4). SICI is a GABA-A-mediated inhibition 
that occurs in M1 circuits particularly affecting I3 waves [28, 29], and, as demonstrated in 
slices prepared from the rodent primary motor cortex [74, 75], its reduction is associated 
with the induction of long-term potentiation, a process involved in motor learning [30, 76]. 
In humans, intracortical inhibition indexed with SICI has, however, revealed somewhat inconsistent 
changes after motor practice: It decreased [18, 41, 69, 77-82] or remained unchanged in young 
and old subjects [22, 31]. While corticospinal excitability data obtained through our single-pulse 
experiments increased only during 20% MVC in MP (Table 2), our double-pulse SICI data at 
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rest and during task agree with the trend for disinhibition acting as a mediating mechanism of 
improved performance after motor practice in old adults. The moderate negative association (r 
= -0.59, p = 0.043) between increase in motor performance and decrease in inhibition measured 
during the task assigns, as hypothesized, a functional role to disinhibition measured at least during 
the task (Fig. 5b). However, the direction of this association was positive at rest (r = 0.64, p < 
0.034, Fig. 5a), suggesting a different role or involvement of these circuits at rest than during 
the task, a finding future studies will have to confirm. Based on the current data, we are unable 
to disentangle whether the reduction in SICI measured during the task in MP is the result of a 
reduction in cortical GABAergic inhibition or a superimposition of a concurrent facilitation recruited 
during task contraction [53]. Because our recording conditions (5-7% MVC during the task, 2-ms 
interstimulus interval, conditioning pulse of 70% AMT) were similar under which previously “pure” 
SICI was identified, we favor the interpretation that a superimposition of short-interval intracortical 
facilitation on SICI played a small or no role in the SICI reductions in MP [53] (Fig. 4a, b). We also 
note that neither intervention affected ICF during the task, and there was only a borderline group 
× time interaction at rest driven by the retention but not the post-intervention data (cf. [41], Fig. 
4c), suggesting a putative role for reduced GABA-A inhibition instead of facilitatory mechanisms 
mediating motor learning under these conditions. A lack of changes in contralateral silent 
period, a measure of GABA-B function [83], further highlights the GABA-A system involvement.
  
A  few studies in old adults examined the retention of a learned skill 24 hours after practice, using 
models of error-based, reinforcement, and use-dependent learning [12, 15-17, 20, 21] but none 
with the template-matching error-based model. The pattern of no additional improvement but 
stabilization of the learned skill in the present study qualitatively agrees with the -10 to 10% 24-
hour change reported in these studies (but see [14]). While motor skill acquisition occurs online, 
stabilization, and further improvements in the skill, and a reduction in the fragility of the motor 
memory traces are the results of offline processes [84-88] that allow the consolidation of the 
skill into motor memory [23, 89, 90]. Sleep can affect motor memory consolidation induced by 
error-based explicit motor learning under some [88] but not all conditions [60]. The quantity and 
quality of sleep was similar in MP and AC, making it unlikely that differences in these measures 
of sleep would have caused the observed differences in motor learning, retention, and neuronal 
excitability between the two groups. 
Several of the TMS metrics revealed amplified changes at retention compared with the data after 
the interventions, recorded 24 hours earlier. We are not aware of any previous studies in healthy 
young or old adults reporting TMS data at 24 hours after motor practice. During the offline period 
after the motor practice to retention, there was a continued reduction in SICI measured at rest 
and during the task and an increase ICF at rest (borderline), and strong additional increases in 
contralateral facilitation measured during 20% MVC. The absence of correlations between the 
changes in these TMS metrics and learning outcome at retention suggest that memory trace 
stabilization was perhaps the result of neuronal processes other than the ones we measured, 
using the TMS metrics included in the study design (correlations not shown). This speculation 
is reinforced by the data seen in AC: There were significant improvements during offline period 
2.4.3 Skill retention
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with a downward and opposite trend in the TMS metrics (Figs. 2 and 4). As in AC in the present 
study, finger-tapping practice in the sham control group in a previous tDCS study produced no 
learning, but performance increased at the 90-minute retention test [12]. However, the neuronal 
mechanisms that operate early after motor practice and mediate motor memory consolidation 
remain virtually unknown and require further studies [32].
 
The interaction in learning scores between MP and AC suggests that attention to visual elements 
and contextual cues of learning did not produce learning per se but affected learning outcomes 
at 24 hours (16% post-to-retention in AC, Fig. 2). Thus, the improvement in score at retention 
in AC must have occurred offline and was caused by a familiarization effect and/or cognitive 
processes. Because even after adjusting for learning due to familiarization with the motor task and 
repeated testing, there was still 1.5° less net error in AC compared with the control group, the 
possibility exists but requires further confirmation that the offline learning at retention in AC was 
related to procedural elements of the task. Processing of auditory, tactile, and visual information, 
as in the present study, can affect motor learning, as can cognitive processes such as attention 
to task details [6, 56]. Error-based learning engages the basal ganglia thalamocortical loops, 
medial cerebellum, the anterior cingulate cortex, the inferior frontal gyrus, and visual and parietal 
cortical areas, structures associated with cognitive aspects of the task, such as error detection 
and correction, working memory, and attention [6, 32, 57, 82]. More specifically, Thomson et al. 
(2008) reported that spatial attentional load but not variation in intensity of attention associated 
with dual tasking reduced SICI between successive responses of an index finger abduction task 
[91]. These results are in contrast to our data showing increase in SICI in AC (Fig. 4a, b). Thus, it 
remains unclear if recalling and anticipating the encoded visual cues associated with the motor 
task contributed to the improved performance at retention 24 hours after the learning bout in AC.
It is possible that subjects in AC imagined themselves making the movement required for the 
visuomotor task, although we gave no such instructions. In this regard, our results are in agreement 
with the findings of a previous study [92], reporting motor performance gains in young individuals 
as a result of motor imagery after sleep. This interpretation is complicated by data suggesting 
that the age-related decline in motor imagery is more severe in complex motor tasks and tasks 
in laboratory settings compared with simple motor tasks and real-life settings [93]. Furthermore, 
studies have shown decreased inhibition after motor imagery, similar to executing real movements 
[94, 95]. In our study, the task was complex and motor cortical inhibition increased in AC. It is 
therefore unlikely that the AC group imagined making the movement required for the task. 
 
 
Our design prevents us from drawing any inferences as to how motor performance, retention, and 
the neuronal mechanisms would compare with those in young adults. However, baseline differences 
between two age groups in motor performance complicated the interpretation of learning and 
retention data in numerous previous studies using the young-old comparison design [61]. Although 
we measured corticospinal excitability at rest, during the task, and during 20% contraction to 
assess adaptations in corticospinal excitability, taking one point on a nonlinear recruitment curve 
2.4.5 Limitations
2.4.4 Attentional control 
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poses limits to our data and restricts the scope of interpretation. Furthermore, we only measured 
the Mmax at rest, which limits the interpretation of the corticospinal excitability data during the 
task. It is well established that fast motor learning involves not only M1, the only structure we 
probed, but also the networks that include the supplementary motor area, premotor cortices, and 
dorsolateral premotor cortex [82, 96, 97]. We did not quantify the effects of the two interventions 
on attention, but a previous motor learning study reported no effects on fatigue and attention [12]. 
We did not examine any potential adaptations at the spinal level, but considering recent data from 
TMS-conditioned H-reflex paradigms, it is unlikely that H-reflex and F-wave measurements could 
have provided a definitive answer [98, 99]. Finally, we acknowledge the limitation of performing 
a high number of comparisons, increasing the likelihood of type I error in some of our analyses. 
 
We observed 40% motor learning after just 20 minutes of practice of a visuomotor task, a skill 
that naive healthy old adults were able to consolidate into motor memory 24 hours later. The 
skill, however, did not transfer to a task variant. In contrast, watching the same templates without 
actual movements produced no learning. Corticospinal excitability at rest and during the task 
did not change but strongly increased during 20% MVC in MP. Intracortical inhibition at rest 
and during the task decreased and facilitation at rest increased in MP. TMS metrics changed in 
the opposite direction in AC. The within-group changes and between-group differences were 
especially profound at retention administered 24 hours after the two interventions. Motor cortical 
disinhibition as inferred from changes in SICI measured in the active muscle emerged as key 
mechanisms mediating learning and motor memory consolidation. The present results collectively 
suggest that the healthily aging motor brain can learn and retain a complex motor skill but may 
have some difficulty in transferring the acquired skill to a task variant. The results may also have 
relevance for the rehabilitation of old adults’ motor function compromised by neuronal injuries and 
disorders (e.g., stroke), requiring motor cortical reorganization through use-dependent plasticity.
2.5 Conclusions
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There is controversy whether age-related neuroanatomical and neurophysiological changes in 
the central nervous system affect healthy old adults’ abilities to acquire and retain motor skills. 
We examined the effects of age on motor skill acquisition and retention and potential underlying 
mechanisms by measuring corticospinal and intracortical excitability, using transcranial magnetic 
stimulation. Healthy young (n = 24, 22 years) and old (n = 22, 71 years) adults practiced a wrist 
flexion-extention visuomotor task or only watched the templates as an attentional control for 20 
minutes. Old compared with young adults performed less well at baseline. Although the absolute 
magnitude of skill acquisition and retention was similar in the 2 age groups (age × intervention × 
time, p = 0.425), a comparison of baseline-similar age sub-groups revealed impaired skill acquisition 
but not retention in old versus young. Furthermore, the neuronal mechanisms differed as revealed 
by an opposite direction of associations in the age-groups between relative skill acquisition and 
intracortical facilitation during the task, and opposite changes during skill retention in corticospinal 





For an enjoyable daily life, children, adults, and seniors need to acquire new motor skills and retain 
previously acquired abilities. Motor skill acquisition and the need to be able to perform previously 
learned skills relatively free of error are particularly relevant for the increasing number of old 
adults [1]. Beyond gross motor skills, old adults must also cope with new technologies that require 
manipulative motor challenges, such as operating computer keyboards and portable electronic 
devices that are reconfigured with each upgrade. 
It is expected that old adults’ abilities to acquire unfamiliar motor skills would decline based on the 
numerous and predominantly unfavorable age-related neuroanatomical and neurophysiological 
changes [2-4]. However, it is actually unclear whether and to what extent advancing age impairs 
skill acquisition. Although some studies suggest that motor skill acquisition is impaired, [5-8], 
other studies show similar [9] or even superior [10] capacity to acquire new motor skills in old as 
compared to young adults. One of the reasons for these inconsistencies is that baseline motor 
performance levels are similar [11] or different [10] between age groups. 
In addition to motor skill acquisition, it is equally unclear to what extent age affects motor skill 
retention. One study reported that old adults only stabilize motor performance after a 24-hour 
offline period of no training, whereas young adults are able to further increase skill performance 
beyond levels of stabilization [10]. In other experiments, the improvements in performance after 
the 12-hour offline period are smaller in old adults compared with young adults, and young adults 
further increase performance until a week after training, whereas old adults did not [12].
With much inconsistency concerning the effects of age on the magnitude of motor skill acquisition 
and retention, it is not unexpected that there is also disagreement on the possible mechanisms 
underlying these processes. For example, diffusion tensor imaging and functional magnetic 
resonance imaging (fMRI) studies showed contradictory results regarding neuronal mechanisms 
of motor skill acquisition in aging [13-16]. On the other hand, transcranial magnetic stimulation 
(TMS) studies revealed consistently no effects of age but inconsistent results regarding the effect 
of motor practice on TMS variables. Regardless of age, corticospinal excitability (CSE), measured 
as the peak-to-peak amplitude of the motor-evoked potential (MEP), increased during motor skill 
acquisition [8 - left thumb, 9] or did not change [8 - right thumb]. In contrast, 1 study showed 
age-related differences in CSE after 10 minutes of motor practice [11]. CSE increased in young 
but remained unchanged in old adults. In addition to CSE, age did not either affect changes in 
short-interval intracortical inhibition (SICI) during motor skill acquisition, although the directions of 
change are different between studies, showing decreases [9] or no changes [8, 11]. 
The underlying neuronal mechanisms of motor skill retention in aging remain unclear. Only 1 fMRI 
study has examined age-related changes in neuronal networks during skill retention, showing 
clear age-related differences in brain connectivity [17]. Three days after interleaved practice of 
a motor sequence, functional connectivity increased in old adults between the right and left 
dorsolateral prefrontal cortex (DLPFC) and between the dorsal premotor cortex and inferior 
parietal cortex. However, the functional connectivity in young adults increased between DLPFC 
and the supplementary motor area and inferior frontal gyrus. To the best of our knowledge, no 




study has yet examined changes in potential neuronal mechanisms of motor skill retention in 
young and old adults using TMS.  
In an effort to address the many inconsistencies, we examined the effects of age on motor skill 
acquisition and retention as well as potential underlying mechanisms by measuring corticospinal 
and motor cortical excitability using TMS in both young and old adults. We paid particular 
attention to baseline differences in motor skills between the 2 age groups [18] by using multilevel 
analyses. Based on previous studies, we expected that (1) old adults compared with young adults 
would perform less well at baseline on the visuomotor task [9]; (2) both age groups would improve 
motor performance similarly relative to baseline [9]; (3) old adults would improve their motor 
performance less than young adults during the 24-hour offline period; and (4) there would be no 
age-related differences in practice-related changes in motor cortical and corticospinal function. 
Furthermore, as attentional resources are known to be involved in motor learning [19, 20], we 
controlled for attentional load of the motor practice. Because attention activates brain areas 
similar to those used in motor skill acquisition [17, 19, 21] and aging is associated with a decline in 
attention [22], we expected that (5) old versus young adults in the attentional control group would 




Twenty-four young adults (18 – 30 years, 12 male) participated in the main experiment, and the 
data of these young adults are compared with the data of the 22 old adults (≥ 65 years, 14 
male) who participated in our previous study [23]. In addition to the main experiment, 12 young 
and 5 old adults participated in a control experiment. All participants were right-handed [24]. All 
participants signed an informed consent document before participating in a study protocol that 
was approved by the Medical Ethical Committee of the University Medical Center Groningen. 
The young adults performed the same testing procedures and training protocol as the old adults 
did and as described detailed previously [23], with the only exception that the Mini Mental State 
Examination and Groningen Activity Restriction Scale questionnaires were not assessed in young 
adults. Fig. 1 shows the study design. In summary, participants practiced a wrist flexion-extension 
visuomotor task, in which they had to match a preprogrammed template as accurately as possible 
(motor practice group; MP) or only watched the templates for 20 minutes to control for attentional 
demands (attentional control group; AC). TMS was performed with the right extensor carpi radialis 
as the target muscle. 
3.2 Methods
3.2.1. Participants





Fig. 1 Young and old adults followed the same experimental design. Day 1 consisted of a baseline test, an 
intervention, and posttest, and Day 2 consisted of a retention test. Upward directed arrows indicate the time when 
participants performed a counting task to control for attentional drift. The order of the runs within a block and 
the order of the pulses within a block were randomized (asterisk). Abbreviations: AC, attentional control; CLF, 
contralateral facilitation; CSE, corticospinal excitability, CSEtask, corticospinal excitability during task; CSP, cortical 
silent period; Fam, familiarization; ICF, intracortical facilitation; ICFtask, intracortical facilitation during task; Mmax, 
maximal compound action potential; MP, motor practice; PPT, Purdue Pegboard test; SICI, short-interval intracortical 
inhibition; SICItask short-interval intracortical inhibition during task.
 
 
Data were tested for normality with the Shapiro–Wilk test. Non-normally distributed data were 
log transformed for analyses, but the nontransformed data are reported. Multivariate analyses of 
variances (MANOVA) were used to determine if participant characteristics differed between young 
and old adults. Repeated measures ANOVAs with within-subjects factor time (baseline, after 
intervention, and retention) and between-subject factor intervention (MP, AC) and age (young, 
old) were used to determine if young and old adults responded differently to the interventions on 
the dependent variables motor performance (°); maximal compound action potential (Mmax, mV); 
CSE at rest (CSErest, %Mmax), during the task (CSEtask, %Mmax), and during an isometric contraction 
(CSEcontraction, %MEPrest); SICI at rest (SICIrest ,%MEPrest), and during the task (SICItask, %MEPtask); 
intracortical facilitation (ICF) at rest (ICFrest, %MEPrest), and during the task (ICFtask, %MEPtask); cortical 
silent period (CSP, ms). If the assumption of sphericity was violated, the Greenhouse-Geisser 
correction was used. In case of significant main or interaction effects, Tukey’s post-hoc analysis was 
used to determine which groups differed at p < 0.05. Because nonsignificant interactions do not 
allow us to examine baseline differences between age groups, independent t-tests with grouping 
variable age were performed in this case. Furthermore, independent t-tests were used to examine 
whether relative changes in motor performance differed between youngMP versus oldMP and between 
youngAC versus oldAC.
3.2.3 Statistical analysis
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Because there is evidence that motor performance in young versus old adults is higher [6, 9, 10] 
and baseline differences complicate comparisons of motor learning between age groups [18], we 
performed a secondary analysis using multilevel analysis (MLwin, version 2.29) for young and old 
participants assigned to the MP intervention only. Multilevel analysis can handle differences at 
baseline by allowing intercepts to vary between participants. Therefore, it allowed us to compare 
learning between the 2 age groups while accounting for variations at baseline. To that purpose, 
a random intercept and slope model (model 1) was constructed for motor performance in which 
time of measurement (level 1) was nested within participant (level 2). Subsequently, main effects 
of time (baseline, after intervention, retention) and age (young, old) were added to the model 
(model 2) to determine if the main effects were significant. Finally, an age × time interaction was 
added to the model (model 3) to address the main purpose of the multilevel analysis: to determine 
if motor skill acquisition and retention differed between young and old adults, had they started at 
the same baseline level. 
A tertiary analysis ranked old and young adults based on motor performance at baseline. A 
selection of the 8 old adults with the smallest errors and the 8 young adults with the highest errors 
produced 2 groups that were nearly numerically identical in motor performance at baseline. We 
then reanalyzed the behavioral and TMS data in these subgroups.
To determine if baseline values and changes in motor performance were associated with 
baseline values and changes in neuronal measures, Spearman’s rho correlation coefficients were 
computed between baseline values and absolute and percent change from baseline to after the 
intervention, absolute and percent change from after the intervention to retention, and absolute and 
percent change from baseline to retention of motor performance and TMS variables in youngMP 
and oldMP. A nonparametric correlation analysis was chosen because not all variables were normally 
distributed and to preserve uniformity between correlation analyses. Furthermore, to determine 
if baseline values or changes in TMS variables were associated with baseline values or changes in 
other TMS variables, Spearman’s rho correlations were computed across baseline values of TMS 
variables and across relative changes in all TMS variables. 
For the control experiment, a repeated measures ANOVA using time as a within subjects factor 
was conducted to determine if there was a main effect of time in the young and old group on 
motor performance, Purdue Pegboard performance, Mmax and the TMS variables.  For all statistical 
analyses, the level of significance was set at p < 0.05.
Table 1 shows the participant characteristics. Although old versus young adults were somewhat 
heavier, more right-handed, and reported somewhat less sleep the night before the retention test 
(age main effects, p < 0.05), the groups were similar for the majority of the characteristics.
 
Fig. 2 shows the motor learning data. At baseline, old versus young adults had 25% more error 
(oldMP+AC: 18.87 ± 3.72°; youngMP+AC: 14.12 ± 3.13°; t44 = 4.7, p < 0.001). Overall, old versus young 
3.3 Results
3.3.1 Absolute motor learning is similar in old and young adults
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adults executed the visuomotor task with 33% more error (age main effect: F1, 42 = 44.0, p < 0.001). 
Old and young adults acquired and retained the skill at similar rates in MP and AC (age × time 
interaction: F2, 84 = 1.9, p = 0.160 and age × intervention × time interaction: F2, 84 = 0.9, p = 0.425). 
This observation was confirmed by the secondary, multilevel analysis outcome, showing no age 
× time interaction (p = 0.283 and 0.434 for skill acquisition and retention, respectively). However, 
relative to baseline, the magnitude of skill acquisition was lower in oldMP versus youngMP (t21 = 4.5, 
p < 0.001). Table 2 summarizes the absolute and relative changes in motor performance. For all 
analyses, main effects of time and intervention, and age × intervention and intervention × time 
interactions are not reported because these effects are not required for testing the hypotheses.  




OldMP+AC versus youngMP+AC placed 19% or 3.3 pins less in the Purdue Pegboard at baseline and 
overall (t44 = 7.17, p < 0.001; age main effect F1, 42 = 59.8, p < 0.001). Old improved 6.2% or 
0.8 pins (oldMP: 2.1% or 0.3 pins; oldAC: 10.3% or 1.4 pins) and young 7.7% or 1.3 pins (youngMP: 
9.0% or 1.5 pins; youngAC: 6.4% or 1.1 pins; age × time interaction: F2, 84 = 3.9, p = 0.024; age × 
intervention × time interaction: F2, 84 = 4.3, p = 0.017). 
3.3.2 Hand function data 
Age (y)




























































MP, n = 11 AC, n = 11 MP, n = 12 AC, n = 12 
Neuronal mechanisms of motor learning are age dependent
Values are mean (± standard deviation). 
Abbreviations: AC, attentional control group; AMT, active motor threshold; BMI, body mass index; Mmax, maximal 
compound action potential; MP, motor practice group; PSQI, Pittsburgh Sleep Quality Index (lower score is higher 
quality of sleep in last month); RMT, resting motor threshold; SO, stimulator output. 
a Old versus young adults, p < 0.05.      
b Median instead of mean, 4-point Likert scale, with a value of 0 and 3, respectively, denoting high and poor quali-
ty of sleep in the night before retention testing. 




At baseline, oldMP+AC and youngMP+AC had similar peak-to-peak amplitudes of Mmax (p = 0.489). 
There was no significant age main effect (p = 0.754), and there were no significant age × time or 
age × intervention × time interactions (p = 0.142 and 0.358, respectively).
 
 
Fig. 3 shows representative examples of CSE at rest in an old and a young adult in MP. Fig. 4A 
shows the CSE group data at rest, measured as the mean MEP peak-to-peak amplitude, and Fig. 
4B during the task in old and young adults. At baseline, there was no difference in CSErest between 
oldMP+AC and youngMP+AC (p = 0.677). There was a significant age × intervention × time interaction 
(F1.675, 70.363 = 3.5, p = 0.034). At baseline, CSErest was higher in oldMP (15.5 ± 11.4 %Mmax) versus 
youngMP (12.6 ± 9.1 %Mmax, p < 0.05). CSErest decreased by 25% from baseline to retention in oldMP, 
3.3.3 Peripheral nerve stimulation data
3.3.4 Brain stimulation data
3.3.4.1 Corticospinal excitability
Fig. 2 Motor performance of old (open 
symbols) and young adults (filled 
symbols) at baseline, after motor 
practice (circles), or attentional control 
(triangles) and at retention. *YoungMP+AC 
performed significantly better at baseline 
and averaged across all test-moments 
than OldMP+AC (t44 = 4.7, p < 0.001 
and main effect of age: F1, 42 = 44.0, p 
< 0.001). Abbreviations: AC, attentional 
control; MP, motor practice.
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Group Change (°)a Change (%)a
Table 2. Summary of behavioral data.









Values are mean (± standard deviation).
a Negative change (%) means an improvement in performance. 
b OldMP+AC higher than YoungMP+AC (t44 = 4.7, p < 0.001). 
c p < 0.05 in comparison with YoungMP (t21 = 3.370, p = 0.003).
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whereas it increased by 40% in youngMP, resulting in a 34% lower CSErest in old versus young adults 
at retention (p < 0.05). In addition, the difference in CSErest decrease from baseline to retention in 
oldAC versus youngAC was significant (p < 0.05) but small (1.3% Mmax vs. 2.7% Mmax, respectively). 
CSEtask was similar in oldMP+AC and youngMP+AC at baseline (p = 0.873). There was an age × time 
interaction (F2, 84 = 4.1, p = 0.019) and an age × intervention × time interaction (F2, 84 = 3.7, p = 
0.030). Directly after the intervention, CSEtask did not change in oldMP whereas it decreased in 
youngMP by 22% relative to baseline. At retention, CSEtask decreased relative to directly after the 
intervention by 27% in oldMP whereas it increased by 52% in youngMP. In contrast to the effects in 
MP, there were no age-related differences in CSEtask in AC (p > 0.05). 
At baseline, CSE measured during an isometric contraction at 20% MVC was lower in oldMP+AC 
(440.1 ± 316.2 %MEPrest) compared with youngMP+AC (645.8 ± 436.2 %MEPrest; t44 = 2.8, 
p = 0.008). Averaged across both intervention groups and all test points, the value of CSEcontraction was 
106 %MEPrest lower in old versus young adults (age main effect F1, 42 = 6.7, p = 0.013). Furthermore, 




Fig. 3 Representative responses to transcranial magnetic stimulation in the right extensor carpi radialis muscle of 
1 old (72 years) and 1 young (23 years) adult at baseline, after motor practice (MP), and at retention. Waveforms 
represent average of 10 motor-evoked potentials in response to a single test pulse at 120% resting motor threshold. 
Arrows indicate when the test pulse is given. Note the difference in length of the vertical calibration bars. 
 
 
At baseline, oldMP+AC and youngMP+AC had similar SICI values measured at rest (p = 0.379) and 
during the task (p = 0.898). No main or interaction effects occurred for SICI measured at rest 
(all effects p > 0.05). Fig. 4C shows the age × intervention × time interaction for SICI measured 
during the task (F2, 84 = 4.1, p = 0.021). Directly after motor practice and at retention, there was a 
significant difference in SICI measured during the task between oldMP and youngMP. Inhibition did 
not change from baseline to after motor practice in old adults but decreased from 89%MEPtask to 
100%MEPtask in young adults. For the same measurement, the direction of change was opposite at 
Neuronal mechanisms of motor learning are age dependent
3.3.4.2 Short-interval intracortical inhibition
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retention: Inhibition decreased to 100%MEPtask in oldMP and it increased in youngMP to 84%MEPtask. 
This resulted in respectively 13% and -16% between age-group differences after motor practice 
and at retention. There were no significant differences in SICItask between oldAC and youngAC (p > 
0.05). 
 
OldMP+AC had a shorter cortical silent period (71.5 ± 15.1 ms) than youngMP+AC (84.6 ± 20.9 ms) at 





3.3.4.3 Cortical silent period
Fig. 4 CSE at rest (A) and during task performance 
(B), and short-interval intracortical inhibition during 
task performance (C) in young (filled symbols) and old 
(open symbols) adults at baseline, after motor prac-
tice (circles) or attentional control (triangles), and at 
retention. There was a significant age × intervention × 
time interaction for CSE at rest (F1.675, 70.363 = 3.5, p = 
0.034) and during task performance (F2, 84 = 3.7, p = 
0.030). There was also a significant age × intervention 
× time interaction for short-interval intracortical inhibi-
tion measured during the task (F2, 84 = 4.1, p = 0.021). 
*Change in youngMP different from oldMP, #change in 
youngAC different from oldAC, †youngMP lower than 
oldMP, ‡youngMP higher than oldMP. Abbreviations: 
AC, attentional control; CSE, corticospinal excita-
bility; MEP, motor-evoked potential; Mmax, maximal 
compound action potential; MP, motor practice; SICI, 




At baseline, there were no significant differences between oldMP+AC and youngMP+AC in ICF 
measured at rest and during the task (p = 0.720 and 0.103, respectively). No main or interaction 
effects occurred for ICF at rest and during task performance (all p > 0.05), but the age × 
intervention × time interaction for ICF at rest approached significance (F2, 84 = 2.9, p = 0.060). 
Here, we report only the Spearman’s rho correlations between baseline values of motor performance 
and baseline values of TMS variables and correlations between changes in motor performance and 
changes in TMS variables. Correlations between baseline values of TMS variables and between 
percent changes in TMS variables are reported in the Supplementary materials. Baseline motor 
performance correlated with baseline CSE at rest in oldMP (rs9 = 0.68, p = 0.022). Baseline motor 
performance did neither correlate with any other baseline values nor with any percent changes 
from baseline to after motor practice and from posttest to retention in motor performance and 
TMS variables in either age group (all p > 0.05). 
In 4 of the 6 correlations between skill acquisition and changes in TMS outcomes, the 
changes in TMS metrics were not significant but the correlations between the pair wise 
changes were nonetheless statistically significant. Relative motor skill acquisition did not correlate 
with percent changes in CSErest after motor practice in old adults (rs9 = 0.19, p = 0.582) but 
negatively correlated in young adults (rs10 = -0.69, p = 0.013) (Fig. 5A), indicating that greater 
relative skill acquisition correlated with increases in CSErest in youngMP but not in oldMP. However, 
when motor skill acquisition was measured in absolute units, these variables were not correlated 
(all p > 0.05). 
Relative motor skill acquisition correlated with percent changes in SICI measured at rest in oldMP 
(rs9 = 0.77, p = 0.006) but not in youngMP (rs10 = 0.14, p = 0.665) (Fig. 5B). However, absolute 
motor skill acquisition was not correlated with changes in SICIrest in both age groups (p > 0.05). 
Both absolute and relative motor learning did not correlate with changes in SICIrest from baseline 
to retention in either age group (all p > 0.05). In contrast with changes in SICI values at rest, there 
was a trend for an inversed relationship between percent changes in SICI during the task and 
relative motor skill acquisition in oldMP (rs9 = -0.55, p = 0.083; Fig. 5C) but a trend toward a positive 
correlation for youngMP (rs10 = 0.52, p = 0.080; Fig. 5C). When motor skill acquisition was measured 
in absolute units, it was not correlated with changes in SICItask in both age groups (both p-values 
> 0.05). Changes in the duration of the contralateral silent period from after the intervention to 
retention were inversely correlated with both absolute and relative motor skill retention in oldMP 
(rs9 = -0.63, p = 0.039 and rs9 = -0.66, p = 0.026, respectively; Fig. 5D shows correlation for relative 
skill retention). In sum, (1) whether motor skill acquisition correlated with percent changes in SICIrest 
and SICItask depends on age and whether motor skill acquisition is measured in absolute or relative 
units and (2) absolute and relative increases in motor performance from posttest to retention 
correlated with longer silent periods in old but not in young adults. 
There was an opposite correlation in old and young adults between relative motor skill acquisition 
and the pre/post changes in ICFtask (oldMP: rs9 = -0.62, p = 0.043; youngMP: rs10 = 0.76, p = 0.004; 
3.3.4.4 Intracortical facilitation
3.3.5 Correlation analyses
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Fig. 5E). Using absolute motor skill acquisition, this relationship also was in opposite direction for 
old and young adults but was not significant for old adults (oldMP: rs9 = -0.49, p = 0.125; youngMP: 
rs10 = 0.62, p = 0.033). Finally, there was a trend for a negative correlation in youngMP between 
absolute and relative changes in motor performance and changes in ICF during the task from 
posttest to retention (rs10 = -0.53, p = 0.075, rs10 = -0.57, p = 0.055, respectively). This indicates 
that greater absolute and relative skill acquisition tended to be associated with, respectively, an 
increase and a decrease in ICF during the task in old and young adults, and greater absolute and 
relative retention of skill in young adults tended to be related to more facilitation. All remaining 
changes in neuronal mechanisms did not correlate with motor skill acquisition or retention (all p 
> 0.05).
 
Fig. 6A shows that skill acquisition was 2.6° or 16.5% less in baseline-similar oldMP (n = 8, 16.1° 
error) compared with youngMP (n = 8, 16.0° error; age × time interaction: F2, 28 = 5.6, p = 0.009), in 
contrast to the main analysis. The pattern of skill retention was similar in this tertiary and the main 
analysis, showing no age-related differences. There was a complete agreement between the main 
(11 old, 12 young) and the tertiary analysis (8 old, 8 young) with respect to the trends and direction 
in the TMS data. To illustrate, Fig. 6B-D show that the changes in CSErest, CSEtask and SICItask were 
similar in the tertiary and the main analyses (Fig. 4).
 
Old adults in the control group marginally improved their performance on the visuomotor task 
(2.7° increase from baseline to retention, p = 0.056) but the TMS variables, Mmax and Purdue 
Pegboard performance did not change (all p > 0.05). Young control participants increased their 
motor performance by 4.3° from baseline to posttest and 0.8° from posttest to retention on Day 
2 (time main effect: F2, 22 = 29.8, p < 0.001). In addition, Purdue Pegboard performance increased 
slightly in this group (baseline: 16.8 ± 1.5, posttest: 17.5 ± 1.4, retention: 17.6 ± 1.4; time main 
effect: F2, 22 = 5.3, p = 0.013). Mmax and TMS variables were stable over time in the young control 
group (all p > 0.05). 
 
 
We examined the effects of age on motor skill acquisition and retention and potential underlying 
mechanisms by measuring corticospinal and motor cortical excitability using TMS. We found that, 
although old adults performed less well than young adults on the visuomotor task at each of the 
3 measurement points, age did not affect skill acquisition and retention when these behavioral 
changes were expressed in absolute units. However, age does seem to affect skill acquisition (but 
not skill retention) when a subgroup of old and young subjects start at the same baseline level, 
and age also seems to affect the neuronal mechanisms we probed in relation to skill acquisition 
and retention of a visuomotor skill. 
 
Overall, old versus young adults performed less well on both the visuomotor task and the Purdue 
Pegboard test. Such age-related declines in motor performance agree with previous studies [6, 
3.3.6 Tertiary analyses
3.3.7 Control experiment




9, 10] and are generally attributed to the age-related changes in the central nervous system and 
neuromuscular system (for a review see [3]). Despite the well-characterized dysfunctions in the 
aging neuronal and muscular systems, there are several studies that do not report negative effects 
of age on motor performance [5, 8, 11, 25].
Fig. 5 Spearman’s rho correlations between percent changes in motor performance and percent changes in (A) CSE 
measured at rest (young: R2 = 0.33, y = -0.03x - 54.6); (B) short-interval intracortical inhibition measured at rest (old: 
R2 = 0.41, y = 0.12x - 44.2) and (C) during the task; (D) contralateral silent period (old: R2 = 0.35, y = -1.01x – 4.0); (E) 
intracortical facilitation measured during the task (young: R2 = 0.51, y = 0.18x - 57.6; old: R2 = 0.64, y = -0.56x - 38.8). 
Graphs (A)-(C), (E) represent changes from baseline to after the motor practice, graph (D) represents changes from 
directly after the intervention to retention. Filled symbols represent young and open symbols represent old adults. 
Lines represent linear fit for significant correlations. Note that the figures show the data for the motor practice (MP) 
but not for the attentional control (AC) group. * p < 0.05. Abbreviations: CSE, corticospinal excitability; CSP, cortical 
silent period; ICF, intracortical facilitation; SICI, short-interval intracortical inhibition.




There is much inconsistency in the literature as to how, or whether, age affects healthy old adults’ 
ability to acquire a novel motor skill. Conclusions concerning the effects of age on motor practice 
outcome seem to depend on whether the improvements are expressed in absolute or relative units. 
Our results showed similar absolute magnitude of motor skill acquisition in old and young adults, 
in agreement with a recent study examining skill acquisition on a bimanual coordination task [25]. 
In contrast, similar to multiple studies [5, 8, 11], our results show that old adults cannot improve 
their performance as much as young adults when measured relative to baseline. Skill acquisition 
measured in relative units depends on baseline differences between groups. Baseline differences 
observed in some [6, 9, 10] but not all studies [5, 8, 11] complicate group comparisons [18]. In the 
present study, we used a new approach and controlled for baseline differences by taking variations 
at baseline into account using a multilevel analysis, showing no interaction between age-group 
and time. Most of the previous studies did not control for baseline differences, and report either 
absolute or relative skill acquisition, which makes between-study comparisons difficult. Vallence 
and Goldsworthy suggested modifying task difficulty so that baseline levels do not differ between 
groups [18]. In the present study, old compared with young adults performed worse at baseline. 
However, in contrast to the main analysis, a tertiary analysis of baseline-similar age groups revealed 
that skill acquisition is impaired in old compared with young adults (compare Figs. 2 and 4 to Fig. 
6), confirming previous data [5, 8, 11]. Future studies should report skill acquisition and retention in 
both absolute and relative units, and should discuss how differences between groups in motor skill 
at baseline affect the interpretation of the data. Besides differences in reporting the data, metho- 
dological differences in the type, complexity, and duration of the motor tasks and the joints involved 
in the tasks obviously also affect discordance in the effects of age on motor skill acquisition.
Against our expectations [10, 12, 25-27], we found no age-related decline in skill retention (in 
the main, secondary, as well as in the tertiary analysis, Figs. 2 and 6). The finding that old adults 
stabilize motor performance after 24 hours is in agreement with the few studies that reported 
retention data in old adults [10, 26]. Based on these studies, we expected the young adults to 
further improve their performance during the offline period but instead, they also stabilized their 
performance in the present study. Possibly, a ceiling effect prevented our young participants to 
further improve motor performance during the 24-hour offline period.
Cognitive processes, especially attention to procedural details of the task, contribute to motor 
learning [3, 28, 29]. Contrary to our hypothesis, we observed no age-related effects of sustained 
visual attention to a key element of the task, that is, observing the templates without physical 
movements. Motor performance in oldAC and youngAC improved slightly from baseline to retention 
(4.2 and 3.6°, respectively), but this improvement did not differ between age groups. This 
improvement is probably mainly caused by familiarization of the task during the 3 tests because the 
no-intervention control group also increased performance slightly (oldcontrol: 2.7°; youngcontrol: 
5.1°). The slightly higher increase in motor performance in oldAC versus oldcontrol may indicate that 
functional connectivity between brain areas associated with visuospatial attention (anterior- 
anterior areas and anterior-posterior areas of the cortex) is relatively intact in the sample of old adults 
participating in the present study, an indication in contrast with previous findings [22]. In summary, 
3.4.2 Effects of age on motor skill acquisition: absolute and relative gains
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actual motor execution is needed for skill acquisition and retention to occur, and such motor lear- 
ning is probably affected minimally by the observational element as examined in the present 
study. 
 
Because attentional control did not affect neuronal mechanisms after motor skill acquisition and 
at retention, the following sections focus on how age affects the neuronal mechanisms of the 
immediate and lasting effects of practicing a novel motor task. Furthermore, because the trends 
and direction of the changes in TMS data were similar in the main and tertiary analyses, we discuss 
the results from the main analysis only.
 
Motor learning, including skill acquisition and retention, relies on use-dependent plasticity 
through long-term potentiation- (LTP-) like mechanisms. Use-dependent plasticity is influenced by 
N-methyl-D-aspartate (NMDA) receptor activation, γ-aminobutyric acid (GABA) inhibition, and 
cholinergic muscarinic receptor function [30, 31]. One way to index LTP-like mechanisms is by 
measuring CSE [30-32]. Motor practice can increase CSE, measured as the peak-to-peak amplitude 
of the MEP, in young [9, 11, 33, 34] and old adults [9]. CSE at rest did not change directly after motor 
practice in both age groups, similar to some [8 - right thumb] but not all studies [8 - left thumb, 9, 
11]. There may be several reasons for a lack of change in CSE after motor practice in either age 
group. First, a magnetic pulse focuses on a small and selective brain area. Brain areas other than 
the targeted primary motor cortex (M1), such as premotor areas, cerebellum, posterior parietal 
cortex, visual cortex, and striatum, also become active during motor practice, but these areas 
cannot be probed by TMS [14, 35; for review see 19, 36]. Second, MEPs could be influenced by 
excitability changes of the spinal motoneuron pool caused by descending corticospinal pathways 
arriving from brain areas other than M1 [35]. Third, the use of different criteria for stimulation 
intensities (120% resting motor threshold [rMT] vs. MEP of 1 mV) and the expression of CSE (MEPs 
at 1 stimulation intensity vs. entire input-output curve) further complicate interpretation of CSE 
data. Finally, the small but significant baseline difference in CSErest between oldMP and youngMP 
might have affected the changes in CSErest from baseline to posttest.
As a new approach, we measured CSE during the motor task. We expected that measurements 
of CSE in such “active” state versus at rest would be more specific and sensitive to changes 
induced by motor practice because M1 is active during task execution, which can be enhanced 
by inputs from premotor and supplementary secondary motor areas also activated by muscle 
contraction (for a review see [19]). Against this expectation, CSE during the task actually decreased 
by 22% in young adults, a finding consistent with a similar decrease reported by the only study 
that also measured CSE during (interleaved) practice of a motor task [37], and remained, as at 
rest, unchanged in old adults (Fig. 4B). The lack of CSE modulation, both at rest and during the 
task, in old adults may be explained by age-related physiological changes that are associated with 
motor learning. Data in animals and humans showed age-related seropositivity of NMDA receptor 
autoantibodies causing a decrease in the number of NMDA receptors [38], a loss of GABAergic 
interneurons (for a review see [39]), and a decrease of cholinergic muscarinic receptor binding 
[40]. Because NMDA, GABA, and muscarinic circuits are known to affect LTP-like mechanisms, 
3.4.3 Age-related changes in neuronal mechanisms of motor skill acquisition
3.4.3.1 Changes in CSE during motor skill acquisition
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reductions in effectors of these mechanisms may have caused the lack of effects in CSE in old 
adults. In sum, even though previous studies assigned a putative role of M1 CSE in motor skill 
acquisition [9, 33, 41], the picture emerging from present and past studies is that CSE is probably a 
suboptimal TMS metric to probe the neuronal mechanisms of motor skill acquisition in old adults. 
Fig. 6 Motor performance (A), CSErest (B), CSEtask (C), and short-interval intracortical inhibition during the task (D) of 
the 8 best old (open symbols) and 8 worst young adults (filled symbols) at baseline, after motor practice, and at re-
tention. There was a significant age × time interaction for motor performance (F2, 28 = 5.6, p = 0.009), and CSE during 
the task (F2, 28 = 3.8, p = 0.033). There was a borderline significant age × time interaction for CSE measured at rest 
(F2, 28 = 2.9, p = 0.072).*Change in youngMP different from oldMP, (*) borderline age × time interaction. Abbreviations: 
CSErest, corticospinal excitability at rest; CSEtask, corticospinal excitability during task; Mmax, maximal compound action 




Motor cortical inhibition tends to decrease with motor skill acquisition [9, 33, 37, 42], giving rise to 
the disinhibition hypothesis [37]. SICI is a GABA-A-mediated inhibition [43, 44]. Reduced GABA 
inhibition facilitates LTP-like mechanisms in the motor cortex [30, 45] and is associated with motor 
skill acquisition [46]. In agreement with some [8, 11] but in contrast to other motor learning studies 
[9], we observed no changes in SICI measured at rest in either age group. Although SICI per se 
did not change, relative motor skill acquisition correlated with an increase in inhibition measured 
at rest in old but not in young adults (Fig. 5B). However, there was no association when motor 
3.4.3.2 Changes in inhibition during motor skill acquisition
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skill acquisition was measured in absolute units. Overall, these results are not in line with the 
disinhibition hypothesis [37] after motor learning. 
In contrast with SICI at rest, SICI measured during the task reduced in young adults, in line with 
the disinhibition hypothesis and results of a previous study [37]. Unlike in young adults, SICI during 
the task did not change after motor skill acquisition in old adults. The previously mentioned age- 
related loss of GABAergic interneurons may be a factor that accounts in part for a lack of 
modulation in SICI in old adults. Future studies will be needed to confirm the lack of effect of skill 
acquisition on SICI in aging and examine alternative measures of inhibition such as long-interval 
intracortical inhibition and short-latency afferent inhibition.
Although the correlations between relative motor skill acquisition and changes in SICI during 
the task in old and young adults only revealed trends, the opposite direction of associations 
in the 2 age groups (Fig. 5C) is noteworthy. In support of the disinhibition hypothesis, relative 
motor skill acquisition tended to correlate with a decrease in intracortical inhibition during 
the task in old adults. However, the association was in the opposite direction in young adults, 
although the group data showed a decrease in inhibition during the task. These results suggest 
that intracortical inhibition during the task is mediated differently in old and young adults during 
motor skill acquisition. However, these correlations should be taken with caution, as there were 
no associations when motor skill acquisition was measured in absolute units. So, the relationship 
between motor skill acquisition and changes in SICItask seems to depend much on whether motor 
skill acquisition is defined in absolute or relative units.
 
Motor practice did not modify ICF measured at rest or during the task in either age group. These 
results agree with a lack of modification in ICF after motor practice in young adults [33, 34]. 
Although there were no changes in ICF, relative motor skill acquisition correlated with an increase 
in ICF during the task in old adults but with a decrease in young adults (Fig. 5E). Furthermore, 
when motor skill acquisition was expressed in absolute units, this relationship also was in opposite 
direction for old and young adults. These data suggest age-related changes in ICF modulation 
during motor skill acquisition. ICF is thought to reflect glutaminergic intracortical circuits [47], but 
there is some evidence that ICF can be modulated by GABAergic inhibition [43, 44, 48]. These 
studies and the correlation between changes in ICFtask and changes in SICItask (old: r = 0.80, p = 
0.003; young: r = 0.81, p = 0.001; Supplementary materials) suggest that the correlation between 
changes in ICFtask and skill acquisition in young and old might be driven by changes in SICItask. 
 
As in section 3.4.3, we confine the discussion to the neuronal changes in the motor practice 
groups and elaborate on the age-related changes that occurred in the offline period. 
A main finding of the present study is that the direction of changes in CSE measured at rest and 
during the task and SICI measured during the task was opposite in old and young adults. In the 
offline period, CSE at rest decreased by 30% in old adults but increased by 23% in young adults. 
CSE measured during the task followed the same trend: it decreased by 27% in old adults but 
3.4.3.3 Changes in ICF during motor skill acquisition
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increased by 52% in young adults. A greater increase in CSE in the offline period in comparison 
with the change from baseline to after motor practice is expected based on a previous study in 
young adults who performed interleaved practice [49]. The change in the opposite direction in 
old adults seems to agree with fMRI data showing age-related differences in brain connectivity 
patterns at a retention test 3 days after interleaved practice of a motor sequence, although 
behavioral improvements were similar in the 2 age groups [17]. In old adults, skill retention 
after interleaved practice correlated with higher functional connectivity between the right and 
left DLPFC and between the dorsal premotor cortex and inferior parietal lobule. In contrast, skill 
retention in young adults correlated with higher functional connectivity between DLPFC and the 
supplementary motor area and the inferior frontal gyrus. The present TMS and previous imaging 
data collectively suggest that different functional brain networks underlie skill retention in old 
versus young adults. Because both age groups showed similar magnitudes of skill retention, these 
results give rise to the compensation hypothesis [2]. 
SICI measured during the task decreased from 88% MEPtask after motor practice to 100% MEPtask 
at retention in old adults but increased from 100% MEPtask to 84% MEPtask in young adults (both 
p < 0.05). Because there was disinhibition after skill acquisition in young adults (section 3.4.3.2) 
but disinhibition after the offline period in old adults, it is suggested that disinhibition plays a 
role in motor learning in both age groups but that the temporal occurrence is age dependent. 
It is possible that GABA is modulated differently in old and young adults. GABA modulation in 
old adults may be associated with the consolidation of skill and not skill acquisition, as has been 
suggested in young adults [45]. However, further research is required to clarify this initial report 
concerning the offline neuronal changes probed for the first time with TMS in old and young 
adults.
 
With retention measured at 24 hours only, it is unclear if the acquired motor memory traces could 
be activated days or weeks later and if age would affect this recall. Furthermore, the transfer of 
the acquired and retained skill to a task variant is not optimal, as the improvements in Purdue 
Pegboard performance were functionally minimal in both the age groups, suggesting that future 
studies should use perhaps a more relevant or specific transfer task than the Purdue Pegboard 
test. Another limitation was that we adjusted conditioning and test pulse intensity for determining 
SICI when the rMT or active motor threshold changed > 3 % stimulator output between tests. 
Other researchers have suggested measuring SICI at a constant TMS test intensity of an MEP of 
~1mV, as test pulse intensity affects SICI [11]. However, we adjusted the test pulse intensity in a 
few cases to be able to deliver the test pulse at suprathreshold intensity. Finally, the results of this 
study should be taken with caution because we did not apply an alpha correction for multiple 
comparisons in the statistical analyses. 
Old compared with young adults performed less well at baseline. Although the absolute 
magnitude of skill acquisition and retention was similar in the 2 age groups, skill acquisition but 





neuronal mechanisms differed between age groups, showing opposing effects when assessed by 
different measures. Motor skill acquisition was associated with increased ICF measured during 
the task in old adults but decreased ICF during the task in young adults. Furthermore, during skill 
retention, CSE measured at rest and during the task and inhibition during the task decreased in 
old but increased in young adults. In subsequent imaging studies, we expect to find that the age- 
related neurophysiological changes and differences in functional brain networks contribute to the 
age-related changes in corticospinal and intracortical excitability during motor learning.
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It is unclear how old age affects the neuronal mechanisms of motor learning. We reviewed the 
neuronal mechanisms of how healthy old and young adults acquire motor skills as assessed with 
transcranial magnetic stimulation. Quantitative meta-analyses of 11 studies, involving ballistic 
and visuomotor tasks performed by upper extremity muscles in 132 healthy old and 128 young 
adults, revealed that the motor practice-induced increase in corticospinal excitability (CSE) is task-
dependent but not age-dependent, with an increase in CSE in both age groups after visuomotor 
but not ballistic training. In addition, short-interval intracortical inhibition (SICI) is reduced in old 
but not young adults, but only after visuomotor practice. In addition, correlation analyses in 123 
old and 128 young adults showed that the magnitude of motor skill acquisition did not correlate 
with increases in CSE or decreases in SICI in either age group. Thus, there are subtle age-related 
differences in use-dependent plasticity but increases in CSE or decreases in SICI are not related to 





Transcranial magnetic stimulation (TMS) is a noninvasive technique that can index neuronal 
mechanisms of motor learning. The amplitude of the motor-evoked potential (MEP) generated 
by single-pulse TMS quantifies corticospinal excitability (CSE) [1]. A change in CSE after motor 
practice is considered as an indicator of neuronal plasticity [2, 3]. Furthermore, when applied in a 
paired-pulse paradigm using short (1-5 ms) interstimulus intervals, TMS can indicate neuronal plas-
ticity by probing the excitability of GABAergic inhibitory interneurons assessed with short-interval 
intracortical inhibition (SICI) [4, 5]. 
In young adults, there is an increase in CSE and a decrease in SICI following a short period of 
motor practice [3, 6-9]. How old age affects these indicators of motor learning-related plasticity 
is less clear. Because of unfavorable age-related modifications in the neuromuscular system, 
particularly in the processes involved in corticospinal plasticity, it is reasonable to expect that 
healthy old adults would exhibit reductions in motor learning-related plasticity [10-12]. However, 
the findings are inconsistent [13-15], suggesting that age has a complex effect on use-dependent 
plasticity. In addition, comparisons between existing studies are limited by small sample sizes 
(< 20 subjects per age group), and variations in methods in terms of the targeted muscle 
groups, motor tasks, and TMS parameters. Finally, there are inconsistencies between studies 
in young and old adults that show a correlation between the magnitude of motor learning 
and the changes in TMS parameters after motor practice [8] and studies that do not find such 
a correlation [3, 14]. Again, small sample sizes make it difficult to interpret these correlations. 
 
Therefore, the purpose of this systematic review and meta-analysis was to determine how age 
affects TMS indicators of neuronal plasticity measured after motor learning in healthy adults. 
Considering the paucity of data concerning the effects of age on TMS parameters after motor skill 
retention, we focus on motor skill acquisition, the initial phase of motor learning. As a secondary 
aim, we also examined the association between changes in motor behavior and the accompanying 
changes in TMS parameters using a unique analysis that pooled individual data requested from 




We performed a systematic literature search in PubMed and Web of Science for the period from 1 
January 1980 to 21 December 2016. In addition, we scanned reference lists of included papers for 
potentially relevant papers. The Supplementary materials show the detailed search syntax, using 
the main terms: motor learning, TMS, theta burst stimulation, and paired associative stimulation. 
Various TMS variables like corticospinal excitability, intracortical inhibition and facilitation, short-
latency afferent inhibition, and cortical silent period were also included in the syntax. Inclusion 
criteria were as follows: English language, full text availability, publication within last 35 years, 
human subjects with a mean age >60 years, motor learning, behavioral outcomes, and TMS 
outcome measures. Studies in patients without a healthy control group, review articles, and meta-
analyses were excluded. We screened titles, abstracts and, if necessary full texts to determine 
eligibility. 
Age-related changes in CSE and SICI after motor learning: a systematic review and meta-analysis
4.1 Introduction
4.2 Methods




Data were extracted for the intervention group that performed motor practice or the sham-
control group when noninvasive brain stimulation such as transcranial direct current stimulation 
was used. Each study was coded for number of subjects, age, handedness, type and duration 
of intervention, the hand trained, target muscle for TMS, conditioning and test pulse intensity, 
interstimulus interval, motor performance, CSE (measured as peak-to-peak MEP amplitudes), and 
SICI. We assessed the methodological quality using the ‘Quality assessment tool for before-after 
studies with no control group’, a 12-question tool [16]. The overall methodological quality of each 
study was rated as “good”, “fair” or “poor”. 
 
We contacted authors of studies listed in Table 1 to provide individual subjects data for the 
same groups from which we extracted group mean data. Alternatively and for data unreported, 
we requested the exact group mean and standard deviations values to compute mean percent 
changes. We used the individual data to estimate the association between motor skill acquisition 
and changes in CSE and SICI across studies in young and old adults.
 
Based on the mean values reported in each study, or calculated based on individual data, we 
characterized the motor practice-induced effects of each study as percent change = (baseline – 
post)/baseline*(-100), with a positive change reflecting an increase in motor performance, CSE 
and SICI values (i.e., reduced inhibition). Percent changes reported in the results section are 
mean percent changes based on study mean computed changes. We quantified CSE from I/O 
curves as the MEP size measured at an intensity of 120% of resting motor threshold (RMT) [13, 
14]. When SICI was evoked at multiple conditioning-pulse intensities [13, 14], we extracted SICI 
values corresponding to a conditioning intensity of 90% active motor threshold (AMT) because 
this intensity (%stimulator output; %SO) is thought to reflect the highest inhibition at rest that is 
not influenced by short-interval intracortical facilitation [17]. 
In individual meta-analyses, using random-effect models in Review Manager Version 5.3, 
we determined: (1) the effects of age on motor performance, CSE, and SICI at baseline and 
(2) the effects of motor practice on motor performance, CSE, and SICI in old and young adults 
separately, including tests for subgroup differences. The first meta-analyses compared old and 
young adults, and the second meta-analyses compared baseline and post-test data. Mean, 
standard deviation, and number of subjects were used as input to compute standardized 
mean differences (SMD), also known as Hedges’ (adjusted) g. Because the search resulted in 
2 categories of motor tasks (i.e., visuomotor and ballistic), all performed by upper extremity 
muscles, we performed meta-analyses separately for each task to maximize homogeneity. 
Weighting of the studies was applied in Review Manager. A positive SMD indicates greater 
motor skill acquisition, increase in CSE, or a decrease in inhibition. SMD values of 0.20 ≤ 
0.49 indicate small, 0.50 ≤ 0.79 indicate medium, and ≥ 0.80 indicate large effects [18]. 
Chapter 4
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Individual subject data were tested for normality using the Shapiro-Wilk test. Because the data 
were not normally distributed, associations between changes in neurophysiological and behavioral 
outcomes in individual subject data were estimated using Spearman’s rho correlation coefficient 
(rs). Additionally, rs’s were computed to examine associations between baseline motor performance, 
CSE, and SICI and changes in motor performance, CSE, and SICI (see Supplementary materials, 
Tables A1-3). All correlations were considered separately for young and old subjects but were 
considered both separately and combined for visuomotor and ballistic training tasks. Bootstrap 
confidence intervals (CIs) were calculated, setting the number of samples at 1000 and the CI level 
at 95%.
 
Fig. 1 summarizes the results of the systematic literature search in a flowchart. The search 
identified 1148 studies (PubMed: 1055; Web of Science: 93). Fifty-five duplicates were 
removed and 1080 articles were excluded due to eligibility. Three potentially relevant studies 
were identified in reference lists. After screening, 16 articles met the eligibility criteria. Five 
studies were excluded because the authors of these studies quantified motor skill acquisition 
based on involuntary responses to a TMS stimulus instead of voluntary movements [26-28], the 
intervention could not be categorized into the 2 types of motor learning for the meta-analyses 
[29], or the study did not include a group of older adults [30]. 
The 11 included studies examined 132 old and 128 young adults. Table 1 shows the characteristics 
of the studies and the magnitude of motor skill acquisition in the 2 age groups. Table 2 shows 
the TMS parameters. Subjects were healthy with a mean age of 68.1 ± 2.2 (range: 55 – 82, 
old) and 22.4 ± 1.9 years (range 18 – 35, young). Seven studies used ballistic motor tasks and 
4 studies measured skill acquisition by visuomotor tasks. Ballistic motor tasks consisted of 
maximizing peak acceleration of the thumb [13, 14, 22], index finger(s) [15, 24, 25], or wrist 
[21] in response to an auditory tone that was set at 0.5 Hz. One study also included a rapid 
sequential finger-to-thumb opposition task [22]. In visuomotor tasks, subjects followed zig-
zagged templates using wrist flexion and extension [19, 20] or index finger abduction and 
adduction [3]. In 1 study, participants had to track vertical movements of a target limb using 
wrist flexion and extension [23]. The practice sessions had a mean duration of 13 ± 7 minutes 
(range 2.5 – 30 min). Overall, the included studies had a “fair” methodological quality. 
 
Because the results of old adults in 1 study [19] were compared with young adults in another study 
[20], we entered the data of these subjects in the meta-analysis as 1 study [20]. In another study, 
all subjects performed 2 interventions [22]. Therefore, this study was entered in the meta-analyses 
as if it were 2 studies. One of these 2 interventions was a sequential finger opposition task, which 
was included in the ballistic task category to include these results in the meta-analyses. In total, 





Fig. 1 Flowchart of systematic literature search in PubMed and Web of Science.
At baseline, ballistic motor performance was not different between age groups (p = 0.22), whereas 
visuomotor performance was lower in old versus young adults (p < 0.001). Compared with baseline, 
both old and young adults performed better after each intervention (Fig. 2A and B, all p-values 
< 0.05), indicating that both age groups acquired the practiced skill. However, the magnitude of 
motor skill acquisition was lower in old compared with young adults after practicing ballistic motor 
tasks (old: 51%, young 111%; subgroup difference: χ2 = 5.11, p = 0.02) but unaffected by age after 
 
Articles selected from PubMed and Web of Science as 
described above (n=13) 
Articles identified in reference lists (n = 3) 
Articles included for main analysis review (n=11) 
Articles excluded for main analysis because behavioral 
outcome was no voluntary movement, intervention 
could not be categorized, or the study did not include 
a group of older adults (n=5).  
Analyses as described as above yielded in 16 relevant 
studies 
Articles screened based on titles and abstracts 
(n=942) 
Exclusion after reading titles and abstracts n= 929 
 Not English:   n= 12 
 Non-human subjects:  n= 6 
 Age < 60 years:    n=267 
 No motor learning and behavioral 
 outcomes:    n=199 
 No TMS outcomes:  n=152 
 Patient studies:   n=124 
 Review or meta-analysis:   n=100 
 Other:    n=63 
 No full text available:  n=6 
 
Duplicate articles removed  n=55 
Exclusion of studies after filtering   n=151 
        Not Jan 1980 -December 21st 2016:  n=0 
        Non-human subjects:   n=151 
1055 potentially relevant 
studies identified in PubMed 
literature search 
93 potentially relevant 
studies identified in Web of 
Science literature search 
4.3.2 Effect of age on motor skill acquisition
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practicing visuomotor tasks (old: 25%, young: 31%, p = 0.30).
 
TMS test-pulse intensity used to measure CSE was similar in old (57% ± 7%) and young (55% ± 
5%) adults, ranging from 47 to 67 %SO (Table 2). At baseline, the MEP amplitude was similar in the 
2 age groups in studies using ballistic (old: 0.82 mV; young: 0.99 mV; p = 0.20), and visuomotor 
tasks (old: 0.77 mV; young: 0.62 mV; p = 0.05). Fig. 3A shows that CSE did not change following 
ballistic training for either old (p = 0.18) or young (p = 0.31) adults, and that there was no between-
age group difference (p = 0.83). Fig. 3B shows that after visuomotor practice, CSE increased in old 
(29%) and young (34%) adults (old: SMD: 0.55, 95% CI [0.10: 1.01], p = 0.02; young: SMD: 0.59, 
95% CI [0.14: 1.04], p = 0.01), with no between-age group difference (p = 0.92).  
 
Nine of the 11 studies measured SICI and used similar TMS settings in the 2 age groups (young: 
n = 108, old: n = 103). Test and conditioning-pulse intensity were, respectively, 60 ± 7%SO and 
34 ± 5%SO in old and 58 ± 7%SO and 32 ± 4%SO in young adults, with an interstimulus interval 
of either 2 or 3 ms (Table 2). At baseline, the value of SICI was similar in old (51% ± 14% of TP) 
and young (50% ± 10% of TP) adults, independent of type of intervention (ballistic tasks: p = 
0.65, visuomotor tasks: p = 0.22). Fig. 4A shows that SICI did not change in either age group after 
ballistic motor practice (old: p = 0.74; young: p = 0.60). After visuomotor practice, SICI values 
increased (i.e., a decrease in inhibition) by 20% in old adults (SMD: 0.59, 95% CI [0.06: 1.12], p = 
0.03) but did not change in young adults (p = 0.34, Fig. 4B).  
 
Fig. 5 and Tables A1-3 (Supplementary materials) show the correlations between motor skill 
acquisition and changes in TMS variables based on individual data of 123 old and 128 young 
subjects. There was no association between improvements in motor performance and changes in 
CSE in both age groups (old: rs 140 = -0.01, 95% CI [-0.20: 0.17]; young: rs 146 = 0.05, 95% CI [-0.11: 
0.20], both p-values > 0.05, Fig. 5A). There was also no correlation between motor skill acquisition 
and changes in SICI in old (rs 85 = -0.16, 95% CI [-0.36: 0.05], p = 0.141) and young adults (rs 91 = 
-0.20, 95% CI [-0.43: 0.03], p = 0.051; Fig. 5B). In separate correlation analyses for ballistic and 
visuomotor tasks, acquisition of a visuomotor skill correlated with a decrease in SICI value (i.e., 
more inhibition) in young (rs 38 = -0.52, 95% CI [-0.72: -0.26], p = 0.001) but not old adults (rs 37 = 
-0.17, 95% CI [-0.45: 0.17], p = 0.294). Acquisition of a visuomotor skill was unrelated to changes 
in CSE in both age groups (old: rs 37 = -0.20, 95% CI [-0.54: 0.17]; young: rs 38 = 0.05, 95% CI [-0.29: 
0.35], both p-values > 0.05). Acquisition of a ballistic motor skill did not correlate with changes in 
either CSE or SICI in either age group (all p-values > 0.05).
 
 
We reviewed the effects of age on the neuronal mechanisms of ballistic and visuomotor skill 
acquisition, as assessed with TMS. We found that: (1) motor practice-induced increases in CSE are 
task- but not age-dependent, with an increase in CSE after visuomotor but not after ballistic motor 
practice in both age groups; (2) motor-practice induced reductions in intracortical inhibition are 
4.3.4 Changes in short-interval intracortical inhibition after motor practice
4.3.5 Correlation between motor skill acquisition and neuronal changes
4.4 Discussion
Chapter 4
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only task-dependent in old adults, showing reduced inhibition after visuomotor but not ballistic 
motor practice; and (3) the magnitude of motor skill acquisition is unrelated to increases in CSE 
and decreases in intracortical inhibition in either age group. We discuss these findings with a 
perspective on how age, the type of task performed, and the TMS parameters used to index 
plasticity each contributes to the mechanisms of motor skill acquisition.
 
Against expectations, our quantitative analyses failed to identify a change in CSE (13%) after 
ballistic motor training in either age group (old: p = 0.18, young: p = 0.31). This result weakens 
the role played by CSE and M1 in the acquisition of a ballistic skill as shown in previous studies. 
Some studies showed that ballistic motor practice for less than 30 min can modulate CSE [14], 
that acquisition of such a skill is associated with an increase in CSE [31], and that repetitive TMS 
applied to M1 can disrupt ballistic skill acquisition [32]. In contrast, another study showed that 
ballistic skill acquisition is likely caused by spinal processes based on a transient increase in 
cervicomedullary MEPs to 248% of baseline immediately after practice, whereas visuomotor skill 
acquisition relies more on cortical processes, as reflected by unchanged cervicomedullary MEPs 
after practice [33]. In our CSE data (Table 2, Fig. 3), we cannot differentiate between motor cortical 
and spinal processes. We speculate that the specificity of CSE measurements could be increased 
by including measurements not only at rest but also during muscle contraction (see section 4.4.3). 
In contrast to ballistic motor training, visuomotor training increased CSE similarly by 29% and 34% 
in old and young adults. We speculate that the more widespread patterns of activation during 
complex skill acquisition, like in pre-motor areas, supplementary motor areas, and cerebellum [34, 
35], are associated with a greater involvement of brain areas upstream to M1, possibly resulting 
in a stronger modulation of CSE after visuomotor but not ballistic motor training. However, our 
outcome that there is no age-related difference in CSE modulation is unexpected as previous 
findings in animals [36] and humans [10, 37, 38] suggested that the ability of the brain to support 
plasticity-related phenomena declines with increasing age. Perhaps, the similar magnitude of 
visuomotor skill acquisition in old and young adults (respectively 25% and 31%, p = 0.30) explains 
the similar CSE modulation after visuomotor practice in the 2 age groups.
 
Ballistic motor training did not affect SICI in either age group (old: 1.8%, young: 0.3%). A lack of 
change in SICI after ballistic skill acquisition may occur because selective activation of the target 
muscle is not required for this task, with selective muscle activation being a major contributor to 
SICI modulation [39]. Furthermore, perhaps TMS measures at rest are not specific or sensitive 
enough to detect age-related changes after ballistic motor skill acquisition (see section 4.4.3). 
 
In contrast, there was a 20% decrease in inhibition when old adults practiced a visuomotor task 
(Fig. 4B). It is likely that SICI modulation plays a greater role in visuomotor compared with ballistic 
skill acquisition because visuomotor practice requires more precise and selective muscle activation 
to follow a template as accurately as possible [39]. However, it is surprising that cortical inhibition 
only decreased after visuomotor practice in old but not in young adults. This decrease in inhibition 
could suggest that cortical compensation occurred in old adults. Such compensation would be in
4.4.1 CSE increases after visuomotor but not ballistic motor practice in both age groups
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line with a previous review showing that high- compared with low-performing old adults better 
modulate SICI [40]. In addition, there were no age-related differences in SICI at baseline in the 
3 visuomotor studies, in agreement with some [41] but not all studies [42, 43]. This may have 
increased the capacity for SICI modulation in healthy old adults. However, young adults did not 




Fig. 2 Meta-analysis of the effect of motor practice of a ballistic motor task (A) and a visuomotor task (B) on motor 
performance in old and young adults. After ballistic motor practice, old and young adults improved their perfor-
mance respectively by 51% and 111%. After visuomotor practice, old and young adults improved their performance 
respectively by 25% and 31%. Abbreviations: CI, confidence interval; IV, inverse variance; SD, Standard deviation.






Fig. 3 Meta-analysis of the effect of motor practice of a ballistic motor task (A) and a visuomotor task (B) on corti-
cospinal excitability in old and young adults. After ballistic motor practice, CSE did not change in both old (13%) 
and young adults (13%). After visuomotor practice, CSE increased in old (29%) and young adults (34%). Abbre- 
viations: CI, confidence interval; CSE, corticospinal excitability; IV, inverse variance; SD, Standard deviation.
 
There was no association between motor skill acquisition and increases in CSE or decreases in 
intracortical inhibition in either age group. Motor skill acquisition in young adults even tended to 
be associated with increases in intracortical inhibition (Fig. 5B). A recent review suggested several 
possible reasons for the lack of association between motor skill acquisition and modulations of 
CSE [44]. First, the relationship between these measures may be more complex than the linear 
association that is often expected. Second, the cortical elements targeted by TMS may not always 
be the same as the ones activated by volitional motor commands. Third, although changes in CSE 




Fig. 4 Meta-analysis of the effect of motor practice of a ballistic motor task (A) and a visuomotor task (B) on 
short-interval intracortical inhibition in old and young adults. After ballistic motor practice, SICI did not change in 
both old (2%) and young adults (0%). After visuomotor practice, SICI values increased (i.e., less inhibition) in old 
(20%) but did not change in young adults (10%). Abbreviations: CI, confidence interval; IV, inverse variance; SD, 
Standard deviation; SICI, short-interval intracortical inhibition.
during motor skill acquisition can indicate modified neurophysiological processes, they may 
not provide causal information about motor behavior. Fourth, excitability changes in the spinal 
motoneuron pool caused by corticospinal pathways originating from brain areas other than M1 
can influence MEP amplitudes. Finally, measures of CSE (e.g., MEP size) contain contributions 
from areas other than those activated when applying TMS to M1. Therefore, not only do MEPs 
indicate the excitability of areas probed by TMS (M1) but also include a read-out of upstream 
processes that are not necessarily related to movement execution, for example, decision-making 
processes [44] or motor learning [45]. For this reason, the over-activation in multiple brain areas 
generally seen with advancing age may weaken the already poor relationship between motor skill 
acquisition and modulations of CSE.  
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In addition, the result that both CSE and SICI modulations are not related to skill acquisition 
in either age group can perhaps be explained by the experimental approach. Even though 
measuring neuronal plasticity at rest is assumed to reflect neuronal mechanisms during motor 
skill acquisition [31, 46], it is not understood why motor practice would alter CSE and SICI in the 
resting state of the brain. Compared with at rest, measuring CSE and SICI during movement 
preparation, muscle contraction, or during the execution of the learned task itself would perhaps 
be more specific and sensitive [20, 47]. During movement preparation, CSE and SICI decreases 
in young adults [48], but this modulation is reduced with advancing age, which may contribute 
to the impaired motor function in old adults [47, 49]. Therefore, there might be an age-related 
association between motor skill acquisition and SICI modulation during movement preparation. 
Alternatively, measures during muscle contraction, or specific during execution of the learned 
task, would include converging (excitatory and inhibitory) inputs to M1 from areas sub-serving 
motor execution. In addition, as M1 is active during movement execution, it is reasonable to 
expect that CSE and SICI would change after motor practice only during the same active state of 
the brain while performing the practice. A recent attempt to measure CSE and SICI during the task 
execution in young and old adults, however, could not confirm that measures during the task were 
more specific and sensitive than at rest [20]. 
 
It is remarkable that only studies using upper extremity motor tasks were available to be included 
in the current review and meta-analysis. This indicates that there is a need for future studies 
examining age-related differences in TMS variables after motor learning using lower extremity 
muscles. Old adults in the included studies were healthy and relatively young (68.1 ± 2.2 years) 
but well above our age filter of >60 years. Thus, our results may not be directly translatable to 
older adults with or without pathological conditions. There was a moderate to high heterogeneity 
in skill acquisition between studies using visuomotor interventions (I2: 51% –83 %, see Fig. 2B) [50, 
51]. The 3 visuomotor interventions differed in duration (2.5–20 minutes) and in the joint used to 
perform the task (wrist or index finger). This could have some implications for the reliability of the 
summary results of visuomotor skill acquisition. In addition, ballistic and visuomotor studies used 
a variety of test-pulse intensity settings (MEP of ~1mV, 120% RMT, or 130% RMT), conditioning-
pulse intensities (70% RMT, 80% RMT, 80% AMT, 90% AMT, or 50% inhibition), and interstimulus 
intervals (2 or 3 ms). Such methodological differences could perhaps have had some effects on 
changes in SICI in young adults after visuomotor practice (I2 = 39%) but not in the other analyses 
(I2 ≤ 25%). Another limitation was that subjects in one study practiced a bilateral ballistic task 
but the behavioral tests were performed in a unilateral task [25]. As the mechanisms involved in 
bilateral and unilateral training are not identical, and may be differentially affected by age [25], 
the findings of this study could have confounded the CSE and SICI values in the meta-analyses. 
However, this seems unlikely as the heterogeneity between studies using ballistic interventions 
was low (I2 ≤ 3%) and the SMD for this study did not deviate from the other studies. Furthermore, 
it could be argued that the changes in CSE after visuomotor practice in young and old adults (4 
studies, Fig. 3B), and the decreases in cortical inhibition in old adults (Fig. 4B) could be inflated 
by the large changes in CSE and SICI reported by one study involving sham-tDCS [23]. However, 
as there is some evidence that sham-tDCS does not increase CSE [52] or decrease inhibition [53], 
Chapter 4
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Fig. 5 Relationship between motor skill acquisition and changes in (A) corticospinal excitability, and (B) short-inter-
val intracortical inhibition in old (open symbols, nA = 123, nB= 87) and young adults (filled symbols, nA = 128, nB 
= 93) performing ballistic (circles) and visuomotor tasks (triangles). Note: subjects from Dickins et al. (2015) [22] are 
shown twice in the graph because each subject performed 2 types of tasks.




it is unlikely that the placebo data would grossly bias the meta-analyses results. Another limitation 
is that the ballistic studies did not adjust the TMS intensities to match the MEP, RMT or AMT 
before and after training to compensate for the influences of MEP amplitude on SICI [54], whereas 
the visuomotor studies did. However, the within-study changes in CSE during ballistic motor skill 
acquisition probably did not have a major influence on the SICI results because, on average, CSE 
did not change in this group of studies (Fig. 3A). Finally, the low number of studies would normally 
require the use of a fixed instead of a random effects model [55]. However, we chose the random 
effects model as it was not plausible that all studies were conducted in the exact same way [55].
Increases in CSE are task- but not age-dependent. Visuomotor but not ballistic motor practice 
reduced SICI in old adults but SICI did not change in young adults in either task. Improvements 
in skill did not correlate with changes in CSE and SICI in either age group. Thus, there are subtle 
age-related differences in use-dependent plasticity but increases in CSE or decreases in SICI are 
not related to motor skill acquisition in healthy young or old adults. Compared with CSE and 
SICI measured at rest, TMS could be more effective to shed light on neuronal mechanisms of 
skill acquisition by measuring brain plasticity during the movement preparatory phase or during 
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The search syntax used to identify studies that examined the effects of age on manual motor 
learning and the ensuing changes immediately after motor practice in neuronal excitability 
measured by transcranial magnetic brain stimulation in healthy humans. The flowchart in Figure 1 
shows that the search identified 11 studies that met inclusion criteria.
(“motor skills”[Mesh] OR motor skill* [tw] OR motor learning [tw] OR motor skill learning [tw] OR 
motor skill acquisition [tw] OR motor performance [tw] OR motor behavior [tw] OR motor memory 
consolidation[tw] OR task learning[tw] OR sequence learning[tw] OR task-specific improvement* 
[tw] OR Visuo-motor task* [tw] OR Perceptuomotor task* [tw] OR Ballistic movement task* [tw] 
OR Finger tapping task* [tw] OR Coordination task* [tw] OR Serial Response Reaction Task* 
[tw] OR Sensorimotor  task* [tw] OR practice-related task* [tw]) AND (“Transcranial Magnetic 
Stimulation”[Mesh] OR transcranial magnetic stimulation [tw] OR TMS [tw] OR rTMS [tw] OR 
repetitive TMS [tw] OR Paired Associative Stimulation [tw] OR PAS [tw] OR Theta Burst Stimulation 
[tw] OR TBS [tw] OR TMS measurements [tw] OR TMS parameters [tw] OR intracortical inhibition 
[tw] OR SICI [tw] OR LICI [tw] OR short-latency afferent inhibition [tw] OR SAI [tw] OR intracortical 
facilitation [tw] OR ICF [tw] OR cortical excitability [tw] OR motor evoked potentials [tw] OR MEP[tw] 
OR cortical silent period [tw]). 
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It is poorly understood how healthy aging affects neural mechanisms underlying motor learning. 
We used blood-oxygen-level dependent (BOLD) contrasts to examine age-related changes 
in brain activation after acquisition and consolidation (24-hours) of a visuomotor tracking skill. 
Additionally, structural magnetic resonance imaging and diffusion tensor imaging were used 
to examine age-related structural changes in the brain. Older adults had reduced gray matter 
volume (628 ± 57 ml) and mean white matter anisotropy (0.18 ± 0.03) compared with young 
adults (741 ± 59 ml and 0.22 ± 0.02, respectively). Although motor performance was 53% lower in 
older (n = 15, mean age 63.1 years) compared with young adults (n = 15, mean age 25.5 years), 
motor practice improved motor performance similarly in both age groups. While executing the 
task, older adults showed in general greater brain activation compared with young adults. BOLD 
activation decreased in parietal and occipital areas after skill acquisition but activation increased 
in these areas after consolidation in both age groups, indicating more efficient visuospatial 
processing immediately after skill acquisition. Changes in deactivation in specific areas were age-
dependent after consolidating the motor skill into motor memory. Young adults showed greater 
deactivations from post-test to retention in parietal, occipital and temporal cortices, whereas older 
adults showed smaller deactivation in the frontal cortex. Since learning rate was similar between 
age groups, age-related changes in activation patterns may be interpreted as a compensatory 





Despite age-related neuroanatomical and neurophysiological changes, such as decline in gray 
and white matter volume [1], reduction in white matter integrity [2], and a loss of gamma-amino-
butyric-acid interneurons [3], healthy older adults are still able to acquire and retain new motor 
skills. The magnitude of motor learning can even equal that of young adults when practicing a 
visuomotor tracking skill [4, 5]. Because detrimental age-related changes involve brain areas that 
are activated during motor learning [6, 7], it is reasonable to expect that older compared with 
young adults would rely on different neural mechanisms during motor learning. This might be 
suggestive of adaptive or compensatory strategies.
However, it is poorly understood how healthy aging affects the neural mechanisms underlying 
motor learning. Functional Magnetic Resonance Imaging (fMRI) studies showed that older and 
younger adults activate similar brain areas during sequential motor practice, such as sensorimotor, 
parietal, striatal and cerebellar areas but additionally, older adults activate frontal and temporal 
areas bilaterally [8, 9]. Because age does not seem to affect the rate of motor learning in these 
studies, the age-related changes in activation patterns may be interpreted as a compensatory 
mechanism for age-related structural declines, which include reductions in gray and white matter 
volume [1]. The additional bilateral brain activation seen in older adults also agrees with the 
hemispheric asymmetry reduction in older adults (HAROLD) model, which also has been suggested 
as a compensatory strategy [10, 11]. In contrast, when in the early stages of visuomotor adaptation 
participants learned to adapt to rotated visual feedback, older compared with younger adults 
acquired the skill less well and meanwhile showed reduced brain activation in sensory, frontal, 
temporal and occipital areas, in the cingulate gyrus, insular cortex and subcortical regions such as 
the caudate nucleus and thalamus [12]. These studies are in accordance with the Compensation-
Related Utilization of Neural Circuits Hypothesis (CRUNCH) from the working memory literature. 
CRUNCH hypothesizes that the age-related decline in neural efficiency leads to compensatory 
recruitment of additional neural resources at low levels of cognitive demand [13]. Conversely, 
when cognitive demands increase, older adults would reach a ceiling-level of activity resulting in 
under-activation and under-performance compared with young adults. 
Brain activation recorded during motor practice identifies the involvement of putative brain areas in 
motor learning. However, examining changes in brain activation over time provides more insights 
into the age-related differences in the adaptive mechanisms underlying motor learning. After 
implicitly acquiring a motor sequence, brain activation in temporal (including the hippocampus) 
and prefrontal areas has been shown to increase in older but decrease in young adults [14]. 
Furthermore, older compared with young adults showed greater increases of activation from the 
first to the second half of training in the dorsolateral prefrontal cortex bilaterally, and in the right 
superior frontal and left orbitofrontal cortex. In contrast, young adults showed greater increases 
of activation in the right striatum, thalamus, motor, and occipital cortex, and in the cerebellum, 
parietal, and insular cortex bilaterally [14]. Additionally, young compared with older adults showed 
greater decreases of activation in the right orbitofrontal area. After acquiring a motor skill, this 
skill needs to be consolidated into motor memory to be retained. One study reported that four 
hours after explicitly learning a motor sequence, brain activation increased in frontal, temporal 
5.1 Introduction
Age-related changes in brain deactivation but not in activation after motor learning
5
90
and parietal areas, hippocampus and cerebellum in older individuals, but it decreased in young 
adults when participants did not have the opportunity to take a nap [8]. When participants took 
a nap, results were in the opposite direction [8]. Taken together, these limited available data 
suggest that changes in brain activation after implicit and explicit motor sequence acquisition 
and consolidation are age-dependent, with increases in frontal and temporal brain areas of older 
adults but decreases in the same brain areas of young adults after both stages of motor learning. 
How brain activation changes after acquisition and consolidation of a visuomotor tracking skill 
differs between young and older adults is unknown. 
To the best of our knowledge, no fMRI study to date has examined age-related changes in brain 
activation over time after both the acquisition and consolidation phase. Therefore, the current 
study examined the effects of age on brain activation changes after acquisition and consolidation 
(24-hours) of a visuomotor tracking skill. We hypothesized that the changes in brain activation 
would be age-dependent. Based on previous motor sequence studies that included visuomotor 
[14] and explicit learning [8] components similar to our visuomotor tracking task, we specifically 
expected increases in older but decreases in young adults in frontal and temporal activation after 
both the skill acquisition and consolidation phase. This age-dependent change in frontal and 
temporal activation might indicate an age-dependent reliance on cognitive control and memory 
while learning a motor skill. Furthermore, to be able to compare our current results with previous 
studies, we examined the effects of age on the average brain activation during visuomotor task 
execution. We expected older compared with young adults to show greater activation when 
executing the visuomotor task. We tested both hypotheses with a whole-brain analysis approach. 
When motor learning rates are similar between young and old adults, as expected based on 
previous findings using a similar task [4], any age-related differences in brain activation or in task-





Healthy young (n=17, 7 males, age range: 21 – 31, mean ± SD: 25.5 ± 2.3 years) and older (n=16, 
9 males, age range: 56 – 72; 62.6 ± 5.3 years) right-handed [15] adults participated in this study. 
None of them had any contraindications to undergo MRI scanning or suffered from any pain or 
movement restriction in their right arm. Older adults were physically and cognitively preserved, 
according to the Groningen Activity Restriction scale (mean score: 18.9 ± 2.5, [16]) and the Mini 
Mental State Examination (mean score: 29.2 ± 0.8, 28 – 30, [17]). The study was approved by the 
IRCCS Santa Lucia Foundation Ethics Committee in Rome, Italy, and each participant signed an 
informed consent in accordance with the Declaration of Helsinki prior to enrollment. 
 
Fig. 1 shows the study design, which included two sessions, with approximately a 24-hour period in 
between. Participants underwent fMRI during visuomotor tracking task performance to determine 
brain activation before motor practice, after motor skill acquisition and after motor memory 






participants executed a pre-test, a training session and a post-test inside the MRI scanner. Each 
test consisted of six blocks. Participants started each block by viewing a fixation cross for 20 s, 
followed by performing five trials of the experimental condition, viewing of the fixation cross 
for 20 s, and concluding the block by performing five trials of the control condition (see section 
5.2.3). Both pre- and post-test consisted of the same trials that appeared in a pseudorandomized 
order. During both the pre- and post-test, fMRI acquisition was performed. The training session 
consisted of four blocks of 30 trials with 30 s of fixation cross between the blocks and took place 
inside the MRI scanner without fMRI acquisition. At the end of the session on Day 1, an anatomical 
scan was acquired as an anatomical reference (see section 5.2.4). As sleep is known to have an 
influence on motor learning, which could be different across age groups (e.g. [8]), we investigated 
whether sleep quality was similar in the two age groups. Therefore, on Day 2 (approximately 24 
hours after Day 1), all participants filled in the Pittsburgh Sleep Quality Index (PSQI) questionnaire 
concerning sleep quality and quantity over the last month and last night. Subsequently, they 
entered the scanner for the final fMRI session during the retention test, which consisted again of 
the same trials as the pre- and post-test but in a different order. Finally, Diffusion Tensor Imaging 
(DTI) was conducted, so that we could determine whether our group of older adults showed 
expected age-related changes in white matter microstructural integrity [18]. 
 
Participants performed a visuomotor tracking task using an MR compatible manipulandum [19]. 
The manipulandum was affixed to the right side of the MR table, and the distance was adjusted 
to the participant’s arm length. The settings were adjusted so that participants were only able to 
perform wrist flexion and extension in the transverse plane. Participants’ right forearm was placed 
on cushions and participants held the grip of the manipulandum with the thumb taped to the 
fingers, reminding participants to perform the task with wrist- and not finger-movements. Head 
movements were minimized by using an adjustable padded head holder and foam pads.
The visuomotor task consisted of tracking templates using wrist flexion and extension [20]. There 
were two conditions: the experimental condition consisted of zigzagged templates with four or 
five turns, whereas the control condition consisted of monotonically increasing or decreasing 
templates. The templates were presented in white on a dark blue background, and the participants’ 
wrist position was shown in green. The experimental and control condition each had five patterns 
and a duration of 4, 5 or 6 s. There was a 500 ms delay between trials. The pattern and duration 
of the templates were pseudorandomized, such that the mean duration of a five-trial block was 5 s 
and that all five patterns of either the experimental or the control condition appeared once within 
each five-trial block. The training session consisted of five different patterns but had a similar level 
of difficulty as those used for the experimental condition. These trials had similar durations as the 
testing trials and again the patterns and durations varied pseudorandomly. The visuomotor task 
was projected on a screen at the head end of the MRI scanner and visible for participants through 
a mirror affixed to the head coil. The start of the visuomotor test-trials was synchronized with the 
MRI scanner by waiting for a specific slice number that was communicated from the scanner to the 
laptop managing the visuomotor task software.
5.2.3 Visuomotor task




Brain imaging was performed with a Siemens Magnetom Allegra 3-T head-only scanning system 
(Siemens Medical Systems, Erlangen, Germany), equipped with a quadrature volume RF head 
coil. Blood-oxygen-level dependent (BOLD) contrasts were obtained using echo-planar T2*-
weighted imaging with 32 slices (EPI; TR = 2.08 s, TE = 30 ms, flip angle = 70°, matrix 64 × 64, 
voxel size = 3 × 3 mm in-plane, slice thickness = 2.5 mm; 50% distance factor; FOV = 192 mm) 
providing coverage of the whole cerebral cortex. Per test, 279 functional volumes were acquired. 
In addition, we acquired a Magnetization-Prepared Rapid Gradient-Echo (MPRAGE) sequence as 
an anatomical reference (TR = 2.5 s, TE = 2.74 ms, voxel size 1 × 1 × 1 mm, matrix resolution 256 
× 256 × 176, axial acquisition). Finally, DTI images were acquired using the following parameters: 
TR = 7000 ms, TE = 85 ms, 61 diffusion directions, maximum b factor = 1000 s/mm2, isotropic 
resolution 2.3 mm3. Sixty-one diffusion weighted images and seven non-diffusion weighted image 
(b = 0 s/mm2) were acquired.
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Test-moments (9.5 min) Training (±13 min)
6 blocks 4 blocks
20 s
20 s
30 s5 trials = 27.5 s
5 trials = 27.5 s
30 trials = 150 s
Fig. 1 The design of the study, with A) the complete study design, and B) the design for the visuomotor task in de 
MRI scanner with a zig-zagged experimental condition and a monotonically in- or decreasing line as a control con-
dition. Fam, familiarization; fMRI, functional magnetic resonance imaging; MP-RAGE, Magnetization-Prepared Rapid 
Gradient-Echo sequence; DTI, diffusion tensor imaging.
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Participants’ characteristics were analyzed using SPSS version 24 (IBM SPSS Statistics, Armonk, 
NY, USA). Group differences between categorical variables (e.g. sex) were assessed with the χ2 
test. Comparisons between older and young participants for continuous variables were performed 
using two-tailed independent t-tests. When continuous variables were not normally distributed, 
or in case of ordinal variables, Mann-Whitney’s U test was performed. Significance was accepted 
at α = 0.05.
 
The performance on the visuomotor task was analyzed in Matlab 2011a (The Mathworks Inc., Natick, 
MA, USA) for the experimental and control condition separately by calculating the absolute mean 
error of the participant’s wrist joint position from the preprogrammed template. The performance 
value indicates an average error over the 30 trials per condition per test. A second order low-
pass Butterworth filter of 5 Hz was used to filter the joint position data. Data obtained during 
the first second of each trial were discarded as it contained errors associated with reacting to the 
appearance of the template. The visuomotor performance data were not normally distributed and 
were therefore log-transformed. Mixed analysis of variance (ANOVA) was performed in SPSS with 
between-subjects factor age (young, older) and within-subjects factors time (pre, post, retention) 
and condition (experimental, control). Significance was accepted at α = 0.05. The non-transformed 
data are reported in the results.
 
(f)MRI data preprocessing and first-level analysis were performed in SPM12 (Wellcome Trust Center 
for Neuroimaging, UCL, UK). The first four images of each EPI sequence were discarded to ensure 
T1 signal equilibrium. First, all functional images of each MRI session (Day1: pre + post and Day2: 
retention) were manually reoriented. Subsequently, all functional images from all sessions were 
realigned to the first image of the first session and co-registered to the mean functional image. 
Then, images were normalized to the MNI template and a 3D Gaussian kernel of 8mm full-width 
at half maximum (FWHM) was used to smooth the EPI images. Furthermore, the structural image 
of each participant was segmented to extract gray matter, white matter, and cerebrospinal fluid 
volumes. Age-related differences in these volumes were examined using an independent t-test 
in SPSS. 
The exact onsets and durations of the experimental and control blocks of each participant were 
determined in Matlab using the experimental log-file. In the first-level analysis, brain activation 
during task execution (Experimental, Control) was modelled by a general linear model (GLM) for 
each test-moment (pre, post, retention) and participant. Six motion regressors were included in 
the design matrix for each test-moment to control for any head movements of the participant 
during the scanning sessions. High-pass filtering was implemented in the design matrix using a 
cutoff period of 128 s to remove low-frequency drifts from the time series. Statistical parametric 
maps (SPMs) were computed on subject level (F and t-statistics). Contrasts that were defined in the 
first level analysis and used in the second level analysis were as follows: activation per condition 
5.2.5 Data and statistical analyses
5.2.5.2 Analysis of visuomotor task performance
5.2.5.3 fMRI preprocessing and first level analysis
5.2.5.1 Analysis of participants’ characteristics
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versus baseline (e.g. ExperimentalPre), and activation at each time point with higher activation in 
experimental versus control condition (e.g. PreExperimental>Control). After the first-level analysis, Artifact 
Detection Tool (ART) was applied in all participants to check and correct for movement artifacts 
(https://www.nitrc.org/projects/artifact_detect). As the participants were explicitly told to move 
inside the scanner by acting on the manipulandum and considering that head motion-induced 
artifacts increase with age [21], we adopted a liberal threshold to identify outliers for the global 
signal intensity and head motion (z-threshold = 9; movement threshold =2 mm) while retaining 
an acceptable amount of data. None of the subjects had >10% outliers. No correlations between 
motion and timing of the experimental and control condition were detected. Subsequently, the 
first-level analysis was performed again, including the outliers and regressors computed by ART in 
the model as covariates of no interest. 
 
Second level analyses were performed using linear mixed effects analyses (3dLME, implemented in 
AFNI, http://afni.nimh.nih.gov/afni/, [22]) because of missing data in one participant. We defined 
four linear mixed effects models. In the first model, we were interested in 1) the differences in 
brain activation between young and older adults during execution of both the experimental (Exp) 
and control (Contr) conditions to test the hypothesis that older adults utilize more brain activation 
compared with young adults in order to perform the visuomotor task and 2) the differences in 
brain activation between the conditions during task execution in order to examine whether there 
was greater brain activation when executing the experimental versus the control condition, which 
serves as input data for the second model. Therefore, functional images of each condition and time 
(ExpPre, ExpPost, ExpRetention, ContrPre, ContrPost, ContrRetention) after movement artifact 
correction were implemented per participant as input images in this model. Age, condition, and 
time were fixed factors. The intercept was allowed to vary across participants and was therefore 
a random factor. The covariance structure was an identity matrix. The following contrasts were 
computed using two-sided t-tests: Older > young and experimental > control. 
In the second model, we were interested in changes in brain activation over time, specific for the 
experimental condition. Therefore, we entered the Experimental > Control contrasted images 
for each participant and each time-point in an ANOVA (Pre
Exp>Contr, PostExp>Contr, RetentionExp>Contr) 
to examine the main effect of time (pre, post, retention) and the age × time interaction (hence, 
corrected for control condition activation). Age and time were fixed factors, and similar to model 
1, the intercept was allowed to vary randomly across participants and the covariance structure was 
an identity matrix. The following post-hoc t-tests (two-sided) were specified in the model using 
activation masks representing the main and interaction effects to further examine the meaning of 
these effects: 1) changes in brain activation from one time point to another, averaged across age 
groups (post > pre, retention > post, and retention > pre); 2) differences between young and older 
adults in changes in brain activation over time, for example YoungRetention>Post > OlderRetention>Post; and 
3) differences between time points within age groups, for example YoungRetention>YoungPost. 
In addition to these first two models, two models were defined that were replicas of the first 
two models but now inserted whole-brain gray matter volume (%total intracranial volume) as a 
covariate to examine whether the expected age-related differences in gray matter had an influence 
Chapter 5
5.2.5.4 fMRI second level analysis
95
on brain activation. 
In all models, Monte Carlo simulation was used to correct for multiple comparisons and to 
determine the significant effects at cluster-level (3dClustSim, implemented in AFNI, initial threshold 
of p = 0.001, cluster size k > 30, 10000 iterations). Post-hoc contrasts in the second model were 
calculated with an uncorrected p-threshold of 0.001. Of these contrasts, only clusters greater 
than 10 voxels are reported in the text. Significant clusters were labelled using the Automated 
Anatomical Labeling atlas in MRIcron. 
To understand the main and interaction effects of the fMRI analyses better, we extracted the 
parameter estimates of the GLM for each participant. For each cluster of the main and interaction 
effects, a mask was created. For each mask, mean parameter estimates were extracted in Matlab 
for each condition and time point in each participant. 
 
Diffusion weighted images were preprocessed using tools from the FMRIB Software Library (FSL, 
University of Oxford, UK; http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) and Camino (Microstructure Imaging 
Group, UCL, UK; http://camino.cs.ucl.ac.uk/). Diffusion weighted data were corrected for eddy 
current distortions and involuntary movements by affine coregistration using the FLIRT tool (part 
of the FMRIB Software Library). The b matrices were rotated accordingly [23]. The diffusion tensor 
was estimated in every voxel [24] and maps of fractional anisotropy (FA) and mean diffusivity 
(MD) were obtained. Subsequently, for each subject, average FA- and MD-values were calculated 
for the whole brain, which are indicators of microstructural integrity. FA measures the fraction of 
diffusion that is anisotropic, that is the fraction of water molecules moving in the direction of the 
axon, whereas MD measures the average motion of water molecules in all directions [25, 26]. To 
determine whether our group of older adults showed expected age-related neuronal changes, 
in addition to changes in gray and white matter volume as measured with structural MRI, we 
examined differences in whole-brain FA and MD between age groups using an independent t-test 
in SPSS.
One older and two young adults were excluded from the data analyses because of anatomical 
abnormalities or artifacts. So, data from 15 young (age 25.5 ± 2.5 years) and 15 older adults (age 
63.1 ± 5.2 years) were analyzed. One older participant did not understand the instructions for the 
motor task at the pre-test. Therefore, for this participant, we applied mean substitution for the pre-
test motor performance values and only included the fMRI data of the post-test and retention test. 
Table 1 shows that participants’ characteristics do not differ between the two age groups, except 
for age (t20.026 = -25.28, p < 0.001).
 
Fig. 2 shows the motor performance in the experimental and control condition at the three 
time-points in the two age groups and Table 2 summarizes the absolute and percent changes in 
performance. A main effect of time (F2, 56 = 59.8, p < 0.001) showed that, averaged across age 
5.2.5.5 Analysis of diffusion weighted images





groups and conditions, motor performance increased by 22% from pre- to post-test and by an 
additional 11% from post-test to retention test. The age (F1, 28 = 12.8, p = 0.001) and condition 
(F11, 28 = 135.9, p < 0.001) main effects showed that older compared with younger adults’ motor 
performance was 3.2° (53%) worse and that, overall, participants performed 3.5° (37%) better at 
the control compared with the experimental condition. There were no age × time (F2, 56 = 0.2, p 
= 0.790) or age × condition × time (F2, 56 = 0.1, p = 0.929) interactions, indicating that both age 






















































Mann-Whitney U = 99.5
Mann-Whitney U = 111.0
-
-
Variable Young adults Older adults Between-group difference
(n=15) (n=15) Test statistic       p-value
Table 1. Participants’ characteristics.
Values are mean (±SD). Key: BMI, body mass index; GARS, Groningen Activity Restriction Scale (18–72, 
the higher the score, the higher the activity restriction); MMSE, Mini Mental State Examination (>27 
cognitively healthy); PSQI, Pittsburgh Sleep Quality Index (lower score is higher quality of sleep in last 
month); a Median instead of mean, 4-point Likert scale, with values between 0 and 3, denoting high 
and poor quality of sleep in the night before retention testing, respectively.
Experimental 
Control






















Condition Pre- to post-test Pre- to post-testPre-test to retention Pre-test to retention
Table 2. Motor performance improvements relative to pre-test performance.
Note: positive improvements reflect an increase in motor performance. Values represent mean (SD). There were 
main effects of age, condition and time (see section 5.3.1).
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Older adults had a smaller gray matter volume (older: 628 ± 57 ml; young: 741 ± 59 ml; t28 = 5.3, 
p < 0.001) and a higher cerebrospinal fluid volume (older: 322 ± 63 ml; young: 230 ± 51 ml; t28 = 
-4.4, p < 0.001) compared to young adults. There were no age-related differences in white matter 
volume (older: 427 ± 47 ml; young: 444 ± 46 ml; t28 = 1.0, p = 0.325). 
DTI results revealed that older adults had, averaged across the whole brain, a lower FA (older: 
0.18 ± 0.03; young: 0.22 ± 0.02; t28 = 3.8, p = 0.001) but similar MD (older: 1.04*10
-9 ± 0.19*10-9; 
young: 0.99*10-9 ± 0.10*10-9; t22.1 = -0.9, p = 0.363) when compared to young adults. 
 
The first model revealed that older compared with young adults showed greater brain activation 
in a wide range of brain areas (Fig. 3), including the striatum, thalamus and hippocampus, pre- 
and post-central gyri, frontal, temporal and occipital/parietal areas bilaterally. We examined this 
effect in more detail by inspecting the activation patterns during each condition at each time 
point. This demonstrated that in a minority of these areas this effect seems to be related to greater 
deactivations in young compared to older adults, including the left insular cortex, frontal areas, 
precuneus, calcarine cortex, and fusiform gyrus; right rolandic operculum, precentral gyrus and 
amygdala; and bilateral hippocampus. In the majority of the areas, however, the results were due 
to higher brain activations in older compared with younger adults. 
Furthermore, this model showed that there was greater activation when executing the experimental 
compared with the control condition in bilateral motor, parietal and occipital areas and cerebellum 
(Fig. 4, red/yellow blobs). However, during execution of the control compared with experimental 
condition, activation was greater in right middle frontal gyrus and right inferior parietal/angular 
gyrus (Fig. 4, blue/green blobs).  
5.3.2 Structural MRI and DTI results
5.3.3.1 Comparison of BOLD-signal between age groups and conditions
5.3.3 fMRI results






























Fig. 2 Motor performance of young 
(filled symbols) and older adults (open 
symbols) on the experimental (solid 
line, circles) and control condition (das-
hed line, triangles). Motor performance 
is shown as mean error from the tem-
plate in degrees. There were main ef-




When whole-brain gray matter volume was added to the first model as a covariate, all regions 
(with the exception of the left hippocampus) that were greater activated in the older versus young 
adults, were no longer significant. This indicates that age-related differences in gray matter partially 
explained the age-related differences in brain activation. Additionally, the right supramarginal/
post-central gyrus resulted to be significantly more activated in older compared with young adults 
only when entering the gray matter volume as a covariate to the model. 
 
The second model took into consideration any time-related effects specific for the experimental 
condition. There was a main effect of time (Table 3) and post-hoc contrasts revealed that, across 
age groups, brain activation decreased from pre- to post-test in the parietal and occipital areas 
bilaterally, and increased back to pre-test levels from post-test to retention (Fig. 5, Supplementary 
materials: Table S1). Additionally, brain activation increased also from post-test to retention in the 
right superior/middle frontal gyrus. 
 
The second model also revealed an age × time interaction, showing age-related differences in 
brain activation changes over time in the bilateral precuneus/posterior cingulum, left middle 
temporal gyrus, left inferior frontal gyrus, and left middle occipital/angular/middle temporal gyrus 
(Table 3, Fig. 6 left). Post-hoc contrasts showed that from post-test to retention, activation in the 
left inferior frontal gyrus increased in older adults but tended to decrease in young adults (Fig. 
6 right, Supplementary materials: Table S2). However, in the other areas, activation decreased 
in young but tended to increase older adults (Fig 6. right, Supplementary materials: Table S2). 
When examining these results in more detail by extracting the parameter estimates of the GLM, it 
appeared that during both experimental and control condition and in both age groups, there were 
deactivations in all clusters (see Supplementary materials: Fig. S1). This indicates that there was 
less brain activation in these clusters during task execution compared with the rest condition at 
each time point. Changes in deactivation from post-test to retention occurred only when executing 
the experimental condition, while no changes occurred when performing the control condition. 
Hence, there were greater deactivations from post-test to retention in bilateral precuneus/posterior 
cingulum, left middle temporal gyrus and left middle occipital/angular/middle temporal gyrus 
during the experimental condition in young adults but there were no significant changes in these 
areas in older adults. Simultaneously, there was a trend for a smaller deactivation from post-test 
to retention in left inferior frontal gyrus in the older adults but no significant change was observed 
in the young adults. To summarize, while executing the experimental condition, from post-test to 
retention, there were trends for greater deactivations in young but smaller deactivations in older 
adults in bilateral precuneus, and left frontal, temporal, and occipital areas. 
When whole-brain gray matter volume was added to the model as a covariate, the left middle 
temporal gyrus cluster from the age × time interaction of the second model was no longer 
significant, indicating that age-related differences in whole-brain gray matter volume partially 
explained the functional neural changes in this area after motor learning. There was no influence 
of gray matter volume on brain deactivation changes in the other clusters of the age × time 
interaction or time main effect. 
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5.3.3.2 Effect of time on BOLD-signal





We examined age-related changes in brain activation after acquisition and consolidation (24-hours) 
of a visuomotor tracking skill. Young and older adults learned the skill to a similar extent and 
both age groups decreased brain activation in parietal and occipital areas bilaterally after skill 
acquisition. On the other hand, they increased activation in these same areas and in the right 
frontal cortex after motor memory consolidation. Older adults showed in general greater brain 
activation while executing the task. In contrast to brain activation, changes in brain deactivation 
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y = -10 x = 27
z = -7 z = 44
Old > Young
y = -52 x = 48
z = 53
0                                            10 0                                             -6
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Exp > Contr
Fig. 3 Greater brain activation in older compared 
with young adults during the execution of the motor 
tasks (Z-scores). There were no regions with greater 
activation in young vs. older adults.
Fig. 4 Differences in brain activation between ex-
perimental and control condition, averaged across 
age-groups and time points (Z-scores). Red/yellow 
indicate greater activation in experimental condition 
compared with control condition, and blue/green in-
dicate greater activation in control condition compa-




were age-dependent after consolidating the motor skill into motor memory. Young adults showed 
greater deactivations from post-test to retention in the bilateral precuneus and left occipital and 
temporal areas, whereas older adults showed smaller deactivations in the left inferior frontal area. 
These results suggest that older adults use an alternative strategy compared with young adults 





Although older adults performed worse on the visuomotor task compared with young adults, the 
practice-induced improvements in performance were similar in the two age groups. This finding 
is consistent with previous studies, using similar tasks with the wrist [4], and index finger [5]. An 
age-related decline in motor performance can be explained by deteriorations in nervous and 
neuromuscular systems with increasing age (for a review see [6]). The similar learning rates in 
young and older adults together with the hypothesized age-related differences in brain function 
suggest that alternative learning strategies might occur in the older brain to compensate for age-
related declines in brain structure. This will be discussed in the next sections.
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5.4.1 Learning rate is similar in older and young adults
Time main effect
Inferior frontal gyrus pars opercularis
Superior occipital gyrus
Superior/middle occipital gyrus, precuneus,   angular gyrus, middle temporal gyrus
Superior/inferior parietal gyrus, precuneus,   middle occipital gyrus
Middle frontal gyrus
Precuneus
Age × time interaction
Middle temporal gyrus
Inferior frontal gyrus pars triangularis




































































Table 3. Effects of time and interaction between age and time on BOLD-signal.




As expected, we found age-related structural declines in the brain. Older compared with younger 
adults had smaller gray matter volumes, increased cerebrospinal fluid volumes, and lower white 
matter anisotropy (FA). This is in agreement with previous studies [1, 18] and indicates that our 
older participants are probably a representative sample of the Italian healthy aging population. 
 
In agreement with many studies using motor and cognitive tasks (for reviews see [13, 27]) older 
compared with young adults showed greater brain activation when executing the visuomotor 
tracking task. This greater brain activation was shown in a wide range of brain areas, including 
bilateral striatum, thalamus and hippocampus, sensorimotor cortices, frontal, temporal, parietal 
and occipital areas. In some of these areas this effect seemed to be related to greater deactivations 
in young compared with older adults, including the left insular cortex, frontal areas, precuneus, 
calcarine cortex, and fusiform gyrus; right rolandic operculum, precentral gyrus and amygdala; 
and bilateral hippocampus. These results suggest that older adults rely more on striatal, thalamic, 
sensorimotor and temporal functions than young adults do, which could be an attempt to 
compensate for age-related structural declines (see section 5.3.2). The greater activation in older 
adults agrees with the CRUNCH model [13]. However, this compensatory strategy is only partially 
successful since the learning rate is similar between the age groups but the performance level of 
older adults is 3.2° (53%) worse when compared to that of young adults. Greater striatal activation 
in older compared with young adults is in agreement with some [28, 29] but not with other studies 
[30, 31]. The striatum is involved in feedback and decision-making [32, 33]. We argue that the 
greater striatal activation we observed in older compared with young individuals might be due to 
their poorer performance, as demonstrated by their higher error. Finally, the result that parts of the 
frontal, occipital and parietal cortices are less deactivated in older adults is in agreement with the 
idea that with advancing age there is a dysregulation of the default mode network (DMN; [34]). 
To summarize, it seems that by over-activating cortical and subcortical motor areas, older adults 
rely on compensatory strategies. Though, this interpretation warrants some caution because age-
related respiratory or vascular differences could have confounded the results [35, 36]. In other 
words, BOLD-signal is an indirect measure of neural activity, which is also influenced by cerebral 
blood flow, cerebral blood volume and cerebral blood oxygen consumption that are affected by 
age [36, 37]. Furthermore, age-related increases in muscle (co-)activation [38, 39] might also explain 
the greater brain activation in motor areas in older compared with younger adults. However, since 
we did not measure muscle activity, we cannot deduce this based on our data. Finally, the exact 
relationship between motor performance and brain activity is unclear. One possibility is that such 
a relationship is non-linear. Furthermore, increased brain activation could be inherent to a lower 
performance without necessarily indicating a compensatory strategy.
 
In contrast to our hypothesis [8, 14], brain activation was modulated similarly over time in young and 
older adults. More specifically, both age groups showed a decrease of brain activation from pre- to 
post-test in bilateral parietal and occipital areas and increased activation in these same areas back 
to pre-test levels from post-test to retention. Additionally, brain activation increased also from 
5.4.2 Structural declines occur in the aging brain
5.4.3 Older adults show greater brain activation when executing a visuomotor tracking task
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y = -61 x = 18
z = 44 z = 56
Retention > Post-test
y = -61 x = 30
z = 44 z = 56
0                                             -6 0                                              6
Fig. 5 Changes in brain activation from pre- to post-test (left) and post-test to retention test (right), averaged across 
age-groups (Z-scores). Blue/green indicate decreases and red/yellow indicate increases in brain activation over time. 
Experimental > Control contrasted images were used as input images in the statistical model. 
Fig. 6 Left side: Interaction of age × time on BOLD-signal (F-values). Experimental > control contrasted images were 
used as input images in the statistical model. Right side: Mean parameter estimates in the regions of the age ×time 
interaction effect (see left side) for experimental > control condition in both age groups. In each region, there was an 
interaction effect between young and older adults in changes in BOLD-signal from post-test to retention. An asterisk 
indicates a significant interaction between the two designated time points and the two age groups as determined 











































































































































post-test to retention in the right frontal areas. These results suggest that visual processing areas 
are more involved when performing the visuomotor task for the first time and after a 24-hour offline 
period when compared to immediately after a training session. Our results agree with previous 
studies in young adults demonstrating that brain activation decreased when participants become 
more familiar with a task [40, 41]. Such a reduction may reflect more efficient signal processing 
after motor practice. Consistent with this interpretation, a recent magnetoencephalography 
study showed decreased beta event-related desynchronization in occipital cortices in participants 
performing an isometric ankle plantarflexion target matching task [42]. The novelty of the current 
study is the demonstration of more efficient visuospatial processing after a single motor training 
session in older adults. Our results are in line with the results by Santos Monteiro et al. (2017) 
[30] who showed that after 2 weeks of motor training brain activation changed similarly over time 
in young and older adults. However, they demonstrated decreased activation in left temporal, 
bilateral frontal and right thalamic areas, whereas we found decreased activation in bilateral 
occipital and parietal areas.
After 24 hours, brain activation increased back to pre-test levels in both age groups. This may 
indicate that approximately half an hour of task experience (at Day 1) may not be sufficient to 
retain the visuospatial processing efficiency a day later. Increased brain activation after motor 
memory consolidation including a night of sleep is in agreement with the limited research 
available in young adults, which showed increased activation in bilateral basal ganglia, bilateral 
temporal, left frontal, and cerebellar areas [43]. Based on age-related reductions in sleep spindle 
oscillations [8, 44], which most likely play an important role in the consolidation of newly acquired 
motor skills, we expected to find age-related differences in brain activation changes after an 
offline period. However, we found no such differences. Perhaps this is because there were no age-
related behavioral differences after the 24-hour offline period, indicating that the motor skill was 
consolidated similarly in young and old adults. Additional research using a variety of motor tasks 
with additional experimental manipulations is required to further examine whether brain activation 
changes after an offline period involving a night of sleep are age-dependent. 
 
In contrast to changes in brain activation, changes in brain deactivation were age-dependent. 
After the motor memory consolidation phase, deactivation increased (i.e., greater deactivation) in 
young adults in bilateral precuneus and left occipital/angular and temporal areas and deactivation 
tended to increase in left inferior frontal cortex (<10 voxels). However, older adults decreased or 
tended to decrease brain deactivation in all of these areas (i.e., smaller deactivation). As expected, 
we found age-related differences in frontal and temporal areas. However, contrary to previous 
findings using motor sequence learning [8], our study demonstrated effects of age on changes in 
deactivations instead of activations after the offline period. Our results could be explained by the 
fact that the precuneus, angular and temporal area are part of the DMN [45, 46]. Interestingly, this 
modulation of deactivation is age-dependent and occurs only after motor memory consolidation. 
Apparently, older adults do not modulate the DMN in order to consolidate and retain the skill, 
which is in agreement with the idea that DMN modulation is dysregulated with increasing age 
[34]. Perhaps activating brain areas to a greater extent as shown in the older > young effect 
5.4.5 There are age-related differences in brain deactivation changes
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(see section 5.4.3) is a possible mechanism of compensation. 
 
One limitation is that, sporadically, noise occurred in the wrist position signal of the manipulandum. 
In the behavioral data, we used a second order low-pass Butterworth filter of 5 Hz to account for 
this noise. In the second model of the fMRI analyses, examining the effects of time and the age 
× time interaction, we subtracted the brain activation during the control condition from the brain 
activation during the experimental condition. We believe that the noise in the manipulandum 
signal had no or minimal influences on these results since any brain activation that might be 
related to the occurrence of the noise in the manipulandum signal occurred in both experimental 
and control conditions and would therefore be filtered from the data. However, the comparison 
of brain activation between young and older adults in the first model should be taken with some 
caution since the noise occurred more often in older compared with young adults and we did 
not contrast Experimental > Control in this model. Another limitation is that not all participants 
participated in the study at similar times of the day. These diurnal variations could have affected 
neuroplasticity [47]. A final limitation was that our fMRI volumes did not completely cover the 
cerebellum. Since the cerebellum is known to be involved in motor learning [8, 14, 48, 49] and 
eye-hand coordination [50], our results could have underestimated the role of the cerebellum.
Age-related changes in brain activation after acquiring and consolidating a visuomotor tracking 
skill were examined. While there were age-related impairments in motor performance, older adults 
learned the skill as well as young adults. Changes in parietal and occipital activation, independent 
of age, suggest changes in visuospatial processing efficiency throughout the stages of motor 
learning. Finally, age-related deteriorations in modulating the activity of areas of the DMN after 
motor memory consolidation suggest that older adults use compensatory mechanisms to achieve 
similar learning rates as young adults. Presumably, this is achieved by activating brain areas to a 
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Young: Retention > Post-test
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Table S2. Post-hoc effects of the Age × Time interaction on BOLD-signal
X Y Z
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Old: Post-test > Pre-test
Middle occipital gyrus
Old: Retention > Post-test
Middle temporal gyrus
Inferior frontal gyrus pars triangularis
Middle occipital gyrus
Precuneus
Old: Retention > Pre-test






















































Table S2 Continued. Post-hoc effects of the Age × Time interaction on BOLD-signal
X Y Z
110
Fig. S1 Mean parameter estimates in the regions of the Age by Time interaction effect (see Fig 5) for experimental 
and control tasks separately in both age groups at each time moment. In both age groups, there were no significant 
changes over time in beta-values of the control task but beta-values of the experimental task decreased (greater 
deactivation) from post-test to retention test in young adults in bilateral precuneus, left middle occipital gyrus and 
left middle temporal gyrus.
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Age-related changes in brain deactivation but not in activation after motor learning
5





Increasing age is accompanied by structural and functional changes in the peripheral and central 
nervous system, such as decreases in the number of motor units, a reduction in nerve conduction 
velocity, a decline in proprioception, reductions in gray and white matter volume, and increases 
in cerebrospinal fluid [1-5]. Despite these changes, older adults are still capable of learning new 
motor skills [6-8]. How do older adults sustain the ability to learn new motor skills? Do the neural 
mechanisms of motor learning change with advancing age, and if yes, how? Answers to these 
questions can contribute to improved neurorehabilitation protocols because neurostimulation 
settings might require adjustment to age. The aim of this thesis was therefore to examine the age-
related differences in the underlying neural mechanisms of motor learning. We hypothesized that 
older adults would use alternative strategies of neural plasticity compared with young adults to 
learn new motor skills, perhaps to compensate for age-related structural and functional changes 
in the brain. 
Non-invasive neurostimulation (transcranial magnetic stimulation, TMS; chapters 2 and 3) and 
neuroimaging (functional magnetic resonance imaging, fMRI; chapter 5) techniques were used 
to measure changes in neural mechanisms after the acquisition and motor memory consolidation 
phase. Furthermore, chapter 4 provides an overview of TMS studies examining motor learning 
in aging. The experimental chapters and the review chapter consistently show that visuomotor 
tracking performance is impaired in older compared with young adults but that the learning rate 
is similar across age groups (chapters 3, 4, and 5). These results suggest that older adults are 
capable of learning novel visuomotor skills but that older adults are unable to reach the same 
performance levels as that of young adults, or that older adults might need additional practice 
sessions to accomplish this. Both TMS and fMRI findings show that age-related differences in 
neural plasticity are mainly present after motor memory consolidation (chapters 3 and 5) but not 
necessarily or to a lesser extent after motor skill acquisition (chapters 3, 4, and 5). In this chapter, 
I will discuss the main findings of this thesis in more detail.
 
After a single training session, young and older adults acquired the visuomotor skill at similar 
rates (chapters 3, 4, and 5). In agreement with the long-term potentiation (LTP) hypothesis [9-11], 
CSE at rest increased after the acquisition period independent of age, evidenced by the pooled 
data in the meta-analysis (chapter 4). However, we were unable to demonstrate increases in CSE 
in our experimental chapters (chapters 2 and 3). In addition, SICI measured at rest decreased in 
older adults after visuomotor skill acquisition (chapters 2 and 4), indicating a reduction of gamma-
aminobutyric acid-ergic (GABAergic) inhibition. However, this reduced inhibition effect was not 
seen in young adults when measured at rest (chapters 3 and 4) but only when measured during task 
execution (chapter 3). Our meta-analysis included only papers that had at least a group of older 
adults. Therefore, chapter 4 might not provide the best representation of neural plasticity occurring 
in young adults. Hence, this thesis provides an indication that similar plasticity mechanisms are 
involved in motor skill acquisition in older adults as to those previously demonstrated in young 
adults. Correspondingly, our fMRI results in chapter 5 also show similar neural mechanisms after 
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visuomotor skill acquisition in the two age groups, reflected by a decrease in parietal and occipital 
activation independent of age. These results collectively indicate that, in contrast to what was 
expected, older adults use similar strategies to acquire a visuomotor tracking skill. Perhaps, there 
is no need for older adults to utilize alternative strategies during this phase of motor learning. It 
could be that although older adults showed the expected age-related declines in gray matter 
volume and white matter integrity (chapter 5), the remaining resources might still be sufficient 
to acquire the visuomotor skill. An alternative explanation could be that older adults do not 
alter corticospinal and intracortical excitability modulation from pre- to post-practice but that 
they implement an alternative strategy while executing the task, as indicated by greater brain 
activation during task execution in older versus young adults (chapter 5). This age-effect is also 
demonstrated in other motor and cognitive tasks and is frequently related to better performance 
in older adults, hence interpreted as a compensation strategy (for reviews see [12, 13]). However, 
from the results in chapter 5, we cannot deduce whether this increased brain activation in older 
adults is compensatory, or whether it is a form of deterioration, because older adults’ performance 
level is lower than that of young adults. To summarize, despite age-related structural (sub)cortical 
declines, there are no, or only small, age-related differences in neural plasticity after motor 
skill acquisition. The two age groups acquired the visuomotor skill at similar learning rates. It is 
suggested that the greater brain activation seen in older adults during task execution might be a 
compensatory strategy to accomplish these learning rates. 
 
In contrast to the retention of sequential motor skills and motor adaptation skills (for a review see 
[14]), young and older adults retained the acquired visuomotor tracking skill in the current thesis at 
similar rates after a 24-hour offline period (chapters 3 and 5). After the offline period, however, CSE 
measured both at rest and during the task and SICI measured during the task changed in opposite 
directions in the two age groups (chapter 3). More specifically, both measures of CSE increased 
in young but decreased in older adults. SICI values measured during task execution increased in 
older but decreased in young adults, resulting in a reduction of intracortical inhibition in older but 
an increase in intracortical inhibition in young adults after motor memory consolidation. Consistent 
with these findings, our fMRI experiment also revealed an opposite direction of change in the two 
age groups in deactivation after motor memory consolidation in the precuneus bilaterally, and in 
the left frontal, temporal, and occipital/angular areas (chapter 5), some of which are involved in the 
default mode network (DMN). Young adults tended to show greater deactivations in these areas 
after motor memory consolidation, whereas older adults tended to show smaller deactivations. 
According to a magnetic resonance spectroscopy and transcranial direct current stimulation 
(tDCS) study, greater brain activation in the sensorimotor cortex is related to reduced gamma-
amino-butyric-acid (GABA) concentration in this area [15]. It could therefore be speculated that a 
reduction in SICI, which is known to be influenced by GABA-A receptor activation, could be related 
to increased brain activation or conversely to smaller deactivation. We indeed demonstrated a 
reduction in SICI measured during the task after motor memory consolidation in older adults 
(chapter 3), and smaller deactivations in default mode network regions from directly after practice 
to 24-hours later (chapter 5). Although these results are found in different networks, it is an 
interesting finding that changes in SICI in M1 and changes in deactivation in the DMN follow 
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the same pattern after motor memory consolidation in older adults. Contrary to our speculation, 
the study from Stagg et al. found a relationship between reduced GABA concentration induced 
by tDCS and decreases in M1 activity in healthy young adults [15]. However, it remains unknown 
how SICI relates to brain activation. Based on the results in this thesis, it is speculated that after a 
24-hour consolidation period, older adults reduce intracortical inhibition not only in M1 but also 
in areas related to the default mode network but future studies are needed to investigate this 
hypothesis.
The finding that both TMS and fMRI results change in opposite directions after the consolidation 
period in the two age groups, while both age groups retained the acquired skill 24-hours after 
practice to similar rates, supports a compensatory strategy in older adults for age-related 
structural declines. The result that baseline-similar subgroups (chapter 3) also show age-related 
differences in neural plasticity after motor memory consolidation favor the idea that older adults 
use a compensatory strategy and that these neural changes are probably not merely due to lower 
performance levels. Another compensatory strategy might be the greater brain activation that was 
observed during task execution in older adults compared with young adults in chapter 5. However, 
because older adults’ performance at the posttests and retention tests was worse compared to 
young adults (also in baseline-similar groups), there is no certainty whether the opposite TMS 
and fMRI changes in the two age groups are compensatory or whether they might be indicative 
of deterioration of the aging brain. Because of the similar learning rates in the two age groups, 
we favor the interpretation of a compensatory strategy in the older adults, but future studies are 
needed to examine this theory.
An important element influencing motor memory consolidation is sleep, more specifically sleep 
spindles, which mainly occur during stage 2 of sleep (for a review see [16]). Older adults suffer from 
disrupted sleep. Although sleep quality and quantity as measured by the Pittsburgh Sleep Quality 
Index did not differ in the two age groups in this thesis, older age is known to be associated with 
increased sleep fragmentation, decreased sleep time and efficiency, longer durations of sleep 
stages 1 and 2, and decreased amplitude, duration and number of sleep spindles (for reviews see 
[14, 16]). It is interesting that the age-related differences in neural mechanisms of motor learning 
in the current thesis are especially profound after motor memory consolidation and less after 
skill acquisition. It might be that during the motor memory consolidation phase, older adults not 
only need to compensate for age-related structural declines in the brain but also for age-related 
disruptions of sleep, in order to maintain the learning rate as high as young adults.
Fig. 1 shows a conceptual model that summarizes the main findings and interpretations discussed 
in this section. Taken together, structural and functional changes in the aging neuromuscular 
system require adaptive, perhaps compensatory strategies to learn new motor skills, especially 
during motor memory consolidation. 
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Although we found several strong correlations [17] between motor skill acquisition and CSE and 
SICI modulations in chapters 2 and 3, a meta-analysis combining individual data (old, n = 123; 
young, n = 128) compiled from 10 TMS studies in chapter 4 showed no relationship between 
neural plasticity measured at rest and behavioral changes in either age group. There might be 
several reasons for a lack of correlation between these variables (for reviews see [18, 19]). First, 
the relationship between changes in TMS metrics and behavioral changes might be non-linear. 
Second, motor-evoked potentials are influenced by excitability changes in the spinal motoneuron 
pool caused by corticospinal pathways originating from brain areas other than the stimulated M1. 
Finally, CSE consists not only of contributions of the stimulated M1 but also from inputs to M1, 
such as the premotor cortex and the supplementary motor area, which are not measured when 
TMS is applied at rest. Therefore, in chapters 2 and 3, we applied TMS during task execution, 
that is, when the brain is in the same “active” state as while learning the skill. However, this thesis 
does not confirm that CSE and SICI measured during the task provides a better insight into the 
underlying neuronal mechanisms of motor learning compared with measurements at rest. Since 
this was only a first attempt to measure TMS metrics during task execution, it might be that we 
used suboptimal settings. Future studies should examine which TMS settings are most effective 
for measuring CSE and SICI during muscle contraction or task execution (e.g. stimulation intensity, 
or level of muscle contraction). 
Because changes in CSE and intracortical inhibition are unrelated to behavioral changes, the TMS 
results in this thesis should be taken with some caution. However, our fMRI results in chapter 5 











Motor skill consolidation Motor skill
retention
Fig. 1 Conceptual model that summarizes the main findings and interpretations of this thesis. Increasing age leads 
to structural and functional changes in the neuromuscular system, which can have a negative influence on motor 
learning. However, compensatory strategies such as greater brain activation or modulating corticospinal or intracor-
tical processes differently than young adults might reduce or overcome some of these negative effects of age. Solid 
arrows indicate positive influences; thick solid arrow indicates a greater, and better substantiated positive influence; 
dashed arrows indicate negative influences.




differs between young and old adults (see section 6.2.2). Although our TMS and fMRI experiments 
reveal these age-related differences in different areas, this thesis gives a first indication of different 
motor memory consolidation strategies in young and older adults.
 
This thesis has several limitations. First, both TMS and fMRI only provide an indirect measure of 
the underlying neural mechanisms of motor learning [20, 21]. Future studies are encouraged to 
add more direct ways of assessing brain activity, such as electroencephalography, or manipulate 
neural plasticity, using for example repetitive TMS, transcranial direct current stimulation, or paired 
associative stimulation, so that a more complete insight into the age-related differences in neural 
plasticity during motor learning can be obtained. Furthermore, network analyses can provide 
more insight into the neural mechanisms of motor learning because it includes communication 
between brain areas [22, 23]. Second, in all experimental chapters, we used a visuomotor tracking 
task executed with the wrist joint. Although this provides opportunities for comparison between 
chapters of this thesis, it complicates generalization of our results to other motor learning 
paradigms. As indicated in our systematic review and meta-analysis in chapter 4, the neural 
mechanisms of motor skill learning can be task-dependent. Third, in this thesis, we examined for 
the first time age-related changes in neural mechanisms after both visuomotor skill acquisition 
and after a 24-hour consolidation period, but the effects of age on the underlying mechanisms 
of long-term retention after weeks or months remain unknown. Because this thesis shows that 
changes in neural plasticity are mainly age-dependent after the consolidation period, future 
studies are recommended to include multiple retention tests. Finally, additional research should 
be performed to examine whether neurostimulation protocols should be adapted for older adults 
or patients given the age-related changes in neural plasticity after motor memory consolidation 
presented in this thesis.
This thesis contributes to our understanding of the age-related differences in neural plasticity 
after motor learning. We used non-invasive neurostimulation (TMS) and neuroimaging (fMRI) 
techniques to examine age-related changes in corticospinal and intracortical excitability, and brain 
activation and deactivation. New approaches we implemented in this thesis are that we not only 
applied TMS at rest but also during task execution, and we examined age-related differences in 
neural plasticity after both the skill acquisition and motor memory consolidation phase. Based 
on the results in this thesis we conclude that neural plasticity during visuomotor skill acquisition 
is similar in young and older adults. In contrast, while consolidating a newly acquired visuomotor 
tracking skill to similar rates as young adults, older adults use adaptive and perhaps compensatory 
neural strategies in order to retain the skill. Furthermore, TMS measures are not related to motor 
skill acquisition, emphasizing the need for the adaptation of research methods or application 
of combined neurostimulation and neuroimaging techniques to gain better insights into age-
related differences in neural plasticity. We encourage neurorehabilitation programs including 
neurostimulation techniques to optimize the stimulation protocols to the age group and stage of 
motor learning.
Chapter 6
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Throughout the lifespan, humans learn new motor skills and relearn motor skills after an injury. In 
older adults, motor learning is particularly important because adaptations to age-related peripheral 
and central neural changes are required. Increasing age is accompanied by impairments in the 
neuromuscular system such as sarcopenia, changes to peripheral nerve fibers, and a decrease in 
the number and size of motor units. In addition, deteriorations in brain structure occur, including 
decreases in gray and white matter volume, increases in cerebrospinal fluid volume, and decreases 
in regional white matter integrity. Whether or not skill acquisition and consolidation are impaired 
in older compared with young adults is unclear. Furthermore, it is unclear whether and how the 
underlying neural mechanisms of motor learning change with advancing age. A better understanding 
of the mechanisms of how age affects motor skill acquisition and consolidation would help design 
motor interventions counteracting age-related declines in motor function. In this thesis, we 
examined age-related differences in the underlying neural mechanisms of motor learning. In the 
main part of this thesis, a visuomotor tracking task was used in which participants performed wrist 
flexion and extension movements to follow a pre-programmed template on a computer screen. In 
a review paper in chapter 4, similar visuomotor tracking tasks were used with wrist and index finger 
movements, and additionally ballistic motor tasks were analyzed. Ballistic tasks consisted of a rapid 
sequential finger-to-thumb opposition task, or maximizing peak acceleration of the thumb, index 
finger(s), or wrist. Non-invasive neurostimulation (transcranial magnetic stimulation; TMS) and 
neuroimaging (functional magnetic resonance imaging; fMRI) techniques were used in this thesis 
to measure markers of neural plasticity after both the acquisition and motor memory consolidation 
phase. TMS measures excitatory and inhibitory processes of use-dependent synaptic plasticity by 
stimulating the primary motor cortex, whereas fMRI provides an indication of brain activation during 
task execution by measuring the blood-oxygen-level dependent (BOLD) signal in the whole brain. 
 
In chapter 2, we examined how corticospinal excitability (CSE) and short-interval intracortical 
inhibition (SICI), both at rest and during the execution of the task, changed in healthy older adults 
after learning a visuomotor tracking task. The results indicate that a reduction in intracortical 
inhibition underlies motor skill acquisition and especially consolidation in healthy older adults. 
In contrast, CSE was not modulated at rest and during task execution. Elaborating on these 
findings, chapter 3 examined age-related differences in corticospinal and intracortical excitability 
after visuomotor learning by comparing the data of healthy older adults obtained in chapter 
2 to a group of young adults. The results showed that older adults performed worse on the 
visuomotor task compared with young adults, but that the absolute improvements in performance 
over time were similar in the two age groups. TMS results indicated that CSE measured at rest 
and during task execution, and SICI during task execution changed in opposite directions after 
motor memory consolidation in the two age groups. These results suggest that older adults 
use alternative strategies to consolidate a newly acquired visuomotor skill into motor memory. 
 
In chapter 4, a systematic review and meta-analysis was conducted to provide an overview of 
11 TMS studies regarding ballistic and visuomotor skill acquisition in aging. Additionally, this 
review examined for the first time the relationship between motor skill acquisition and changes in 
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TMS variables using individual data of 123 older and 128 young adults. Results revealed subtle 
age-related differences but clear task-related differences in use-dependent neural plasticity. 
Furthermore, increases in CSE or decreases in SICI are not related to motor skill acquisition in 
healthy young or older adults.
In addition to excitability changes in specific brain areas such as the primary motor cortex, motor 
learning requires the involvement of a wide network of brain regions including cortico-cerebellar 
and cortico-striatal networks. Therefore, in chapter 5, fMRI was applied to examine age-related 
differences in brain activation changes in the whole brain after visuomotor learning. Results showed 
age-related impairments in motor performance but similar learning rates of the visuomotor skill in 
young and older adults. fMRI results revealed no age-related changes over time in brain activation. 
However, changes in brain deactivation after consolidating the motor skill into motor memory 
were age-dependent, showing greater deactivations from post-test to retention in the bilateral 
precuneus and left occipital and temporal areas in young adults, but smaller deactivations in the 
left inferior frontal area in older adults. Furthermore, older adults activated cortical and subcortical 
areas to a greater extent than young adults during task execution. These results suggest that 
older adults use an alternative strategy compared with young adults while learning a visuomotor 
tracking skill, which might be a compensatory mechanism for age-related structural changes.   
Finally, chapter 6 provides a discussion of the results obtained in this thesis and provides 
recommendations for further research. To conclude, age-related differences in neural plasticity are 
mainly present after consolidation of a visuomotor skill but not necessarily or to a lesser extent 
after visuomotor skill acquisition. Because both age groups showed similar magnitudes of skill 
retention, these results support the compensation hypothesis. TMS measures are not related to 
motor skill acquisition, emphasizing the need for the adaptation of research methods or application 
of combined neurostimulation and neuroimaging techniques to gain better insights into age-
related differences in neural plasticity. Neurorehabilitation programs including neurostimulation 










Gedurende de levensduur leren mensen nieuwe motorische vaardigheden en leren ze opnieuw 
motorische vaardigheden uit te voeren na een blessure of aandoening. Voor oudere mensen 
is motorisch leren erg belangrijk omdat zij zich moeten aanpassen aan leeftijd-gerelateerde 
veranderingen in het perifere en centrale zenuwstelsel. Ouder worden gaat gepaard met 
achteruitgangen in het neuromusculaire systeem zoals het verlies van spiermassa, veranderingen 
in perifere zenuwvezels, en een afname in het aantal en de grootte van motorische eenheden. 
Daarnaast treden er achteruitgangen op in de structuur van de hersenen. Voorbeelden hiervan zijn 
een kleiner volume van grijze en witte stof, een groter volume aan hersenvocht, en een afname 
in integriteit van lokale witte stof. Het is onduidelijk of het aanleren van motorische vaardigheden 
(motor skill acquisition) en het versterken van deze vaardigheid in het motorisch geheugen (motor 
memory consolidation) achteruitgaat bij ouderen ten opzichte van jongeren. Bovendien is het 
onduidelijk of en hoe de onderliggende neurale mechanismen van motorisch leren veranderen 
tijdens veroudering. Meer kennis van de effecten van leeftijd op de mechanismen van motor skill 
acquisition en consolidation kan helpen om motorische interventies te ontwikkelen die leeftijd-
gerelateerde achteruitgangen in motorische functies tegengaan. Dit proefschrift onderzoekt de 
effecten van leeftijd op de onderliggende mechanismen van motorisch leren. In het grootste 
gedeelte van dit proefschrift werd een visuomotorische volgtaak gebruikt waarin deelnemers 
buig- en strekbewegingen van de pols maakten om een voorgeprogrammeerd patroon op 
een computerscherm te volgen. In een overzichtsartikel in hoofdstuk 4 werden soortgelijke 
visuomotorische volgtaken gebruikt met pols- en wijsvingerbewegingen, en daarnaast werden 
ballistische motorische taken geanalyseerd. De ballistische taken bestonden uit een snelle seriële 
vinger-naar-duim taak, of het maximaliseren van de piek versnelling van de duim, wijsvinger(s) of 
pols. In dit proefschrift werden een neurostimulatie techniek (transcraniële magnetische stimulatie; 
TMS) en een beeldvormingstechniek (functionele magnetische resonantie beeldvorming: fMRI) 
gebruikt om markers van neurale plasticiteit te meten na zowel de motor skill acquisition als de 
motor memory consolidation fase. Neurale plasticiteit is het vermogen van de hersenen om zich 
aan te passen aan veranderingen. Deze veranderingen kunnen betrekking hebben op ervaringen 
of aandoeningen. Dit proefschrift focust zich op de neurale veranderingen na het leren van 
een motorische taak. TMS meet prikkelende en remmende processen van gebruiksafhankelijke 
synaptische plasticiteit door het gebied in de hersenen te stimuleren dat verantwoordelijk is voor 
het maken van vrijwillige bewegingen (de primaire motor cortex). fMRI geeft een indicatie van 
hersenactivatie tijdens het uitvoeren van een taak door het bloed-zuurstof-niveau afhankelijke 
signaal (BOLD signaal) te meten in het gehele brein.  
Hoofdstuk 2 onderzoekt hoe corticospinale prikkelbaarheid (CSE) en korte-interval intracorticale 
inhibitie (SICI), zowel in rust als tijdens het uitvoeren van de taak, veranderen in gezonde ouderen 
na het leren van een visuomotorische volgtaak. De resultaten wijzen erop dat in gezonde ouderen 
een verlaging van intracorticale inhibitie een onderliggend mechanisme is van skill acquisition 
en vooral van motor memory consolidation. Voortbordurend op deze resultaten onderzoekt 
hoofdstuk 3 leeftijd-gerelateerde verschillen in CSE en SICI na visuomotorisch leren door de data 
van de gezonde ouderen verkregen in hoofdstuk 2 te vergelijken met een groep jongeren. De 
resultaten toonden aan dat ouderen slechter presteren op de visuomotorische taak in vergelijking 
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met jongeren, maar dat de absolute verbeteringen in prestatie over de tijd gelijk is in de twee 
groepen. TMS-resultaten lieten zien dat CSE gemeten in rust en tijdens het uitvoeren van de 
taak, en SICI tijdens het uitvoeren van de taak in de twee leeftijdsgroepen in tegenovergestelde 
richting veranderden na motor memory consolidation. Deze resultaten suggereren dat ouderen 
alternatieve strategieën gebruiken om de nieuwgeleerde visuomotorische vaardigheid te 
versterken in het motorisch geheugen. 
Hoofdstuk 4 bestaat uit een systematisch overzichtsartikel waarin een meta-analyse is uitgevoerd 
om een overzicht te geven van 11 TMS-studies die ballistische en visuomotorische skill acquisition 
tijdens veroudering onderzochten. Bovendien onderzocht dit hoofdstuk voor de eerste keer de 
relatie tussen motor skill acquisition en veranderingen in TMS-variabelen door gebruik te maken 
van individuele data van 123 ouderen en 128 jongeren. De resultaten lieten subtiele leeftijd-
gerelateerde verschillen maar duidelijke taak-gerelateerde verschillen zien in gebruiksafhankelijke 
neurale plasticiteit. Verder waren verhogingen in CSE en verlagingen in SICI niet gerelateerd aan 
motor skill acquisition in beide leeftijdsgroepen. 
Naast veranderingen in prikkelbaarheid van specifieke hersengebieden zoals de primaire motor 
cortex, vereist motorisch leren de betrokkenheid van een breed netwerk van hersengebieden 
inclusief de cortico-cerebellair en cortico-striatale netwerken. Daarom werd in hoofdstuk 5 fMRI 
toegepast om leeftijd-gerelateerde verschillen in breinactivatie veranderingen na visuomotorisch 
leren te onderzoeken in het gehele brein. De resultaten toonden een leeftijd-gerelateerde 
verslechtering in motorische prestatie, maar gelijke leercurves van de visuomotorische vaardigheid 
bij jongeren en ouderen. fMRI-resultaten brachten geen leeftijd-gerelateerde verschillen aan het 
licht met betrekking tot veranderingen in hersenactivatie. Echter, de veranderingen in deactivering 
van de hersen, waarbij minder hersenactiviteit is tijdens het uitvoeren van een taak in vergelijking 
met rust, na de versterking van de vaardigheid in het motorisch geheugen, waren afhankelijk 
van leeftijd. Er waren grotere deactivaties van de na-test tot de retentie test in de bilaterale 
precuneus en linker occipitale en temporale gebieden in jongeren, maar kleinere deactivaties in 
het linker inferieure frontale gebied in ouderen. Verder toonden ouderen meer hersenactivatie 
tijdens het uitvoeren van de taak. Deze resultaten suggereren dat ouderen een alternatieve 
strategie gebruiken tijdens het leren van een visuomotorische volgvaardigheid. Dit is wellicht een 
compensatiemechanisme voor leeftijd-gerelateerde structurele veranderingen in de hersenen. 
Tenslotte geeft hoofdstuk 6 een discussie van de resultaten die verkregen zijn in dit proefschrift 
en geeft het aanbevelingen voor verder onderzoek. Concluderend, leeftijd-gerelateerde 
verschillen in neurale plasticiteit zijn vooral aanwezig na consolidation van een visuomotorische 
vaardigheid maar niet noodzakelijkerwijs of in kleinere mate na visuomotorische skill acquisition. 
Omdat beide leeftijdsgroepen de vaardigheid in gelijke mate behouden na 24 uur, ondersteunen 
deze resultaten de compensatie hypothese. TMS-maten zijn niet gerelateerd aan motor skill 
acquisition. Dit benadrukt de noodzaak voor aanpassingen van onderzoeksmethoden of de 
toepassing van gecombineerde neurostimulatie en beeldvormingstechnieken om meer inzicht te 
krijgen in de leeftijd-gerelateerde verschillen in neurale plasticiteit. Neurorevalidatie programma’s 
die neurostimulatie technieken toepassen worden aangemoedigd om stimulatie protocollen te 
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